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Metal-catalyzed oxygenation
1.1. Introduction
Transition metal-catalyzed partial oxidation of olefins is one of the most important methods of 
converting these readily available and cheap starting materials into useful chemicals. Although full 
oxygenation of hydrocarbons to carbon dioxide and water is fairly easy, controlled and partial 
oxygenation can be a very difficult process. Often, oxygenation of the partially oxygenated products 
is easier than oxygenation of the starting materials. Sometimes partial oxidation is possible via a 
radical pathway (autoxidation), but often catalysts or enzymes are needed to obtain selectivity. Even 
autoxidation reactions often need to be initiated by metal complexes.
This thesis mainly deals with the oxygenation of olefins at transition metal centers. Three types 
of oxygenation reactions are possible here: vinylic oxygenation, allylic oxygenation and oxidative 
cleavage. These all lead to different reaction products (Scheme 1). The focus of this thesis, is on 
vinylic oxygenation.
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Scheme 1. Vinylic oxygenation (a), allylic oxygenation (b) and oxidative cleavage (c) o f olefins.
1.2. Oxidizing agents
Organic hydroperoxides and hydrogen peroxide are often used as oxidizing and oxygenating agents 
in oxidation chemistry. Hydrogen peroxide is usually preferred over organic peroxides for 
economic reasons. Both are very strong oxidants, much stronger than dioxygen or air (reduction
potentials in H2O at pH = 0: H2O2 = 1.78 V, O2 = 1.23 V).[1] Dioxygen and air are, however, 
cheaper and environmentally more friendly. For safety and economic reasons, air is preferred over 
dioxygen.
The ground state of dioxygen is a triplet state, which means that direct reactions of dioxygen 
with a singlet state molecule to give singlet products are spin-forbidden and result in low reaction 
rates. This fortunately blocks the thermodynamically very favorable combustion of hydrocarbons to 
carbon dioxide and water. Reactions of triplet dioxygen with singlet molecules to give a triplet 
biradical or two doublet radicals are spin-allowed, but are usually not very exothermic. Reaction of 
triplet dioxygen with a doublet radical is not spin-forbidden either. This type of reaction is, 
however, frequently strongly exothermic and very fast. These free radical pathways mostly lead to 
very low selectivities. For oxidation and oxygenation reactions not involving free radical 
intermediates, metallo-enzymes or metal catalysts are needed to activate dioxygen. In metal- 
catalyzed oxidation reactions a sacrificial reductant is often required to reduce the oxidized metal 
center; one oxygen atom then oxygenates the hydrocarbon, the other oxygenates or oxidizes the 
sacrificial reductant. Alcohols or aldehydes are common coreductants.[2]
Some of the transition metal species that have been proposed to play a role in dioxygen 
activation are shown in Scheme 2. Activation of the relatively strong O=O bond in dioxygen 
usually requires a formal reduction of dioxygen via flow of electron density from the metal center 
into the partially filled n*(2p)-orbitals of O2. Net reduction by one electron leads to superoxy 
complexes. These subsequently acquire one more electron from the same metal center (resulting in 
the formation of a metal peroxo complex) or from a second metal center (to give a ^-peroxo
2
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complex). Upon further electron flow from the metal centers into the G*-orbital of the O2 
fragment, the O-O bond of the p,-peroxo species breaks to give metal oxo complexes.
O
Mn
O9
O— M (n+1)+
M n
(n+1)+
M—O^
O— M (n+1)+
O
O
/
M (n+2)+ 2 O = M
(n+2)+
Scheme 2. Oxygenation o f metal centers by dioxygen.
The metal peroxo complexes can subsequently be protonated to hydrogen peroxide or metal 
hydroperoxy species by water or acid. Also, dioxygen can insert into a metal hydride bond to form a 
metal hydroperoxy fragment.[3]
Metal-catalyzed oxygenation of organic substrates involves either initial oxygenation of the 
metal center and subsequent reaction with the substrate, or initial coordination of the substrate to the 
metal center and subsequent oxygenation of the resulting metal substrate fragment.
1.3. Metal-catalyzed oxygenation
As mentioned before, partial oxidation is a very important tool to convert hydrocarbons into useful 
chemicals. Therefore, it is not surprising that oxidation reactions are applied in several important 
industrial processes. For vinylic oxygenation, both heterogeneous systems (e.g. ethene epoxidation 
on silver)[4] and homogeneous systems (e.g. Wacker oxidation of olefins to ketones)[5] are being 
used. Although there is detailed insight in some mechanisms (e.g. that of the Wacker oxidation), the 
mechanisms of most large-scale oxidation reactions are little more than working hypotheses. Here 
we will review some interesting metal-catalyzed oxygenations and the mechanisms proposed for 
them, to provide some background information on the chemistry discussed in this thesis. Laboratory 
processes, industrial processes and biological processes are described. Some mechanistic steps have 
been extensively investigated, whereas only overall reactions have been proposed for others.
1.3.1. Autoxidation
Many industrial oxygenation reactions proceed via autoxidation mechanisms. Autoxidation is the 
slow, partial, flameless combustion of materials by reaction with dioxygen via a free radical chain 
process. The term, however, is often used to indicate any oxygenation reaction involving a free 
radical pathway. One way of initiating such reactions is the reaction of metal catalysts with the 
substrate. Reactants containing only one reactive C-H bond are required, since free radical 
pathways usually result in low selectivities.
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RCHO +  M n+ ---------------► RCO ' +  H+ +  M (n-1)+
R C O ' +  O2 ---------------► RCO3'
RCO3' +  RCHO ---------------► R C O ' +  RCO3H
RCO3H +  RCHO ---------------► 2 RCO2H
RCO3H + 2  H+ +  M (n-1)+ ---------------► RCO2H +  H2O +  M n+
Scheme 3. Free radical autoxidation mechanism J6
An example of a catalytic autoxidation reaction is the metal-catalyzed oxidation of aldehydes to 
acids. In this industrially applied process aldehydes are catalytically oxidized by dioxygen (Scheme 
3).[6] The homogeneous catalysts consist of metal salts, containing sodium, potassium, cobalt, 
manganese or copper ions.
Metal-catalyzed oxygenation of arenes, e.g. oxygenation of toluene to benzoic acid or p-xylene 
to terephtalic acid proceeds via an autoxidation mechanism as well.[7] The catalyst used is a 
metal/bromide system, containing cobalt(II) and manganese(II) acetates.
1.3.2. Hydroxylation of alkanes
An important oxygenation reaction in nature is the hydroxylation of alkanes to alcohols. Since 
alkanes are the most abundant hydrocarbons on earth, and thus are fairly cheap, hydroxylation of 
alkanes would be very interesting for industrial purposes as well. Despite extensive research on this 
subject, not many man-made systems are known that catalyze the selective hydroxylation of alkanes 
at reasonable rates and turnover numbers.[8]
FeII +  H2O2
a) hi
-------► Fe— OH +  'O H
b)
c)
III
Fe— O— OH 
I
H
IV
F e = O  +  H2O
Scheme 4. The Fenton reaction.
One of the better known methods for oxidizing hydrocarbons with hydrogen peroxide is the 
Fenton reaction.[9] Hydroxyl radicals are proposed to be generated via the redox reaction shown in 
Scheme 4a.[10] Two other reactive species, however, have also been proposed (Scheme 4b and c).[9] 
The species shown in Scheme 4b, with bound OH, is proposed to be the oxidizing agent in aqueous
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media when iron(II) is coordinated by strong chelators, such as EDTA. The extent to which OH is 
bound has been reported to depend on the ligand, increasing in the order: ADP < phosphate < 
EDTA < DETAPAC.[11,12] The species shown in Scheme 4c, the ferryl ion, has also been postulated 
as the reactive species.[13] The high oxidation state iron(IV) could possibly be stabilized by the 
ligands and/or solvent molecules. Oxidation of ferrous complexes by H2O2 at neutral pH has been 
reported to produce transient intermediate iron(IV) species.[14] Calculations by Baerends et al. have 
also indicated formation of an iron(IV) oxo intermediate from an iron(II) complex.[15]
A formal iron(V) oxo species has also been proposed as the reactive species in the cytochrome 
P-450 catalyzed hydroxylation of alkanes. In this case, the stabilizing porphyrinate dianionic ligand 
is proposed to be oxidized to a porphyrinate radical anion, which means that the true oxidation state 
of the iron center is iron(IV), instead of iron(V). Two alternative mechanisms have been proposed 
for the hydroxylation. Groves proposed hydrogen abstraction from the alkane, resulting in a FeOH 
species and a hydrocarbyl radical (Scheme 5a).[16] Recombination of these species and dissociation 
from the iron(III) center then results in the formation of the alcohol. Computational studies by 
Schwarz et al. confirmed this mechanism.[17] Shilov, however, proposed the formation of an 
intermediate containing a five-coordinate carbon (Scheme 5b).[18,19]
IV
a) [Por]‘ -  F e = O +  RH
IV 1 ' ' s /
b) [Por] ■ -  F e = O  +  / \
R R
III
[Por] ' -  Fe— OH +  R '
H .  »  H H
[Por]- -  Fe— O—^  
RH
[Por]2-Fem +  ROH
HO^ ^HIII
[Por]2-Fe + T
R R
Scheme 5. Hydroxylation o f alkanes by cytochrome P-450. [18]
Cytochrome P-450 not only catalyzes the hydroxylation of alkanes, but also the epoxidation of 
olefins. The mechanism of this epoxidation has been discussed in several reviews.[18,20] In a 
simplified mechanism, the iron(III) center is reduced to an iron(II) center, which subsequently 
reacts with dioxygen to give an iron(III) superoxo fragment. This is reduced and protonated to an 
iron(III) hydroperoxy species, which loses water upon protonation and forms the same iron(IV) oxo 
complex as proposed in the hydroxylation of alkanes. The latter complex oxidizes the olefin to an 
epoxide via electrophilic attack at the C=C double bond (Scheme 6 ).
R \ R  o
[Por] ■ -  Fe— O +  / = \  ----------------► [Por]2-F e m +  R ^ /  \ ^ -R
R R R R
Scheme 6. Epoxidation o f olefins by cytochrome P-450.
Methane monooxygenase is an enzyme that catalyzes the oxygenation of methane to methanol. 
The active intermediate of methane monooxygenase is proposed to be a diiron(IV) species (Scheme
5
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7).[21] This species is proposed to be generated from a (p,-1,2-peroxo)diiron(III) species, which is 
formed by addition of dioxygen to the starting diiron(II) species. The mechanism of oxygen transfer 
is complicated and still subject of discussion.[18,22]
2 H+ + CH4 H20  + CH3OH
2 e-, O2
Scheme 7. Simplified catalytic cycle o f methane monooxygenase.
1.3.3. Oxygenation of alkenes to ketones
O*
H3O+ +
h 2o  h+ H20 *  3 H
2+ 2 + 2 +
PdII PdII PdII Pd 0
OH OH2 *OH
Scheme 8. Mechanism o f the Wacker oxidation o f ethene to acetaldehyde.
Part of the mechanism proposed for the industrially applied Wacker oxygenation of ethene to 
acetaldehyde is shown in Scheme 8 .[5] The reaction is catalyzed by palladium(II). After formation of 
a palladium(II) ethene hydroxide fragment, external attack of water at the electrophilic ethene 
fragment results in oxygenation of the olefin.[23] The oxygen atom in the resulting acetaldehyde thus 
originates from water and not from dioxygen. The following overall reaction takes place:
CH2CH2 + PdCl2 + H2O ^  CH3CHO + Pd0 + 2 HCl
The added copper(II) reoxidizes the resulting palladium(O); the thus formed copper(I) is 
reoxidized by dioxygen:
Pd0 + 2  CuCl2 ^  PdCl2 + 2  CuCl 
2  CuCl + 2  HCl + /  O2 ^  2  CuCl2 + H2O
Drago et al. proposed a mechanism for the rhodium-catalyzed oxidation of olefins by dioxygen 
to ketones (Scheme 9).[24] A rhodium(III) hydroperoxy fragment is generated through alcohol
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reduction of RhCl3 to a rhodium(I) species and subsequent oxidation by dioxygen. Olefin 
coordination and subsequent insertion of the olefin into the Rh-O bond then results in a rhodium 
hydroperoxyalkyl intermediate. This intermediate is proposed to eliminate a ketone and form a 
rhodium hydroxy species.
Rhm OOH
III
Rh— OOH I
H+ + 
C H C R 'O
O2 + 
CH3CHR'OH
R
RhCl3
III
Rh— OH
H2O H+
Rh
H O V  H
IIIo
R
OX
Scheme 9. Mechanism o f rhodium catalyzed oxygenation o f a-olefins to ketones!24
Both Drago and Mimoun have proposed a mechanism for rhodium/copper-catalyzed oxidation 
of terminal olefins. In this reaction both oxygen atoms of dioxygen are proposed to oxygenate an 
olefin to a ketone. Drago et al. have proposed the mechanisms in Scheme 10.[24,25]
O
O2 + H+
a)
Rh
cat. Cu II
m
Rh— OOH
b) cat. Cu
cat. Cu II
Rh
H* +
R
III
Rh —  OH
III
Rh— OOH
I
R
III
R O Q rH O H
R
O
A
R
III III
Rh —  O R
O
Rh —  O R
■kM
R
III
Rh— O
III
Rh
O2 + H+
O
A r +H+
y
R
-  R O O H
A  1
R
R R
Scheme 10. Mechanisms o f rhodium/copper catalyzed oxygenation o f a-olefins to ketonesP4
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In both mechanisms, the first steps are the generation of a RhOOH species. Then, either 
addition of the olefin to the rhodium(III) hydroperoxy fragment, followed by insertion of the olefin 
into the Rh-O bond occurs, to give a 2-hydroperoxyalkyl species (Scheme 10a), or direct addition of 
the RhOO-H bond to the incoming olefin, resulting in a rhodium 2-alkylhydroperoxy species 
(Scheme 10b). The first mechanism (Scheme 10a) then leads to a catalytic cycle similar to the cycle 
proposed for rhodium-only catalyzed oxidation of olefins (Scheme 9).[24] The rhodium 2- 
alkylhydroperoxy species in the second mechanism (Scheme 10b) is proposed to bind a second 
olefin, which inserts into the Rh-O bond. In both cases, elimination of two ketones results in the 
regeneration of a rhodium(I) species. In these mechanisms dioxygen and copper probably reoxidize 
the rhodium(I) center to rhodium(III).
The mechanism proposed by Mimoun et al. for the rhodium/copper-catalyzed oxidation of 
olefins to ketones (Scheme 11) is rather different from those proposed by Drago. Mimoun proposes 
dioxygenation of a rhodium(I) olefin complex to a peroxo olefin complex.[26] Insertion of the olefin 
into the rhodium di oxygen bond would then result in the formation of a 3-rhoda-1,2-dioxolane, 
which subsequently rearranges to a ketone and a rhodium oxo fragment. The rhodium oxo fragment 
is then protonated to a rhodium hydroxy fragment, which oxidizes a second olefin to a ketone via a 
Wacker-type mechanism. The role of copper in this catalytic cycle is not clearly explained.
RhCl3
Scheme 11. Mechanism o f rhodium/copper catalyzed oxygenation o f a-olefins to ketonesP6
In the 1980’s Read et al proposed a mechanism for the rhodium-catalyzed co-oxygenation of 
a-olefins and triphenylphosphane to ketones and triphenylphosphane oxide (Scheme 12).[27] Like 
Mimoun,[26] Read proposes initial formation of a peroxo olefin complex, which then undergoes
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insertion of the olefin into the Rh-O bond to give a 3-rhoda-1,2-dioxolane. This 3-rhodadioxolane 
converts to a 2-rhodaoxetane via O atom transfer to the (coordinated) triphenylphosphane. The 2- 
rhodaoxetane triphenylphosphane oxide adduct loses triphenylphosphane oxide and a ketone.
P = PPh 3
H r ' H c h 2r ' R v h
xHf ^ R - po ^  ^  - po R 'v n  
X "-RhH  - P^  * R \  -"-P O  x j  > 0
^ R h -O ^  Y ^ Rh>a
z z
Scheme 12. Mechanism o f rhodium-catalyzed co-oxygenation o f olefins and triphenylphosphane!27
Of interest to this thesis is also the catalytic, vinylic oxygenation of alkenes to ketones by 
dioxygen on rhodium, reported by Friend et a l.[28] They report the conversions of propene to 
acetone, styrene to acetophenone and norbornene to norbornanone in a heterogeneous reaction. 
Whereas at silver, allylic oxygenation and oxidation of propene interferes with epoxidation of 
propene (see below), such allylic oxygenation/oxi dation is not observed here. At high oxygen 
coverages, propene is selectively oxygenated to acetone. At low oxygen coverages, combustion of 
propene to carbon dioxide and water is a competing reaction.[28a] Due to the high temperatures at 
which the oxygen overlayer is prepared, only atomic oxygen is adsorbed on the rhodium surface.
9
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The mechanism proposed for this reaction involves the dirhodaoxacyclic intermediate in Scheme 
13. Subsequent rearrangement via ß-hydride elimination results in the formation of acetone. The ß- 
hydrogen atom is transferred to Ca either by an intramolecular 2,1-shift or by intermolecular 
hydrogen transfer via the surface.
1.3.4. Oxygenation of alkenes to epoxides
Ethylene glycol and propylene glycol are produced industially on a large scale. They are used in the 
production of polyesters and anti-freeze. As they are generally obtained through hydrolysis of 
ethylene oxide and propylene oxide, catalytic oxygenation of alkenes to epoxides is an important 
industrial process.
The mechanism of industrial catalytic epoxidation of ethene on alumina supported silver is not 
yet completely understood.[4] The reaction can be performed with selectivities up to 80%.[29] An as 
yet unavoidable side reaction is the total combustion of ethene to carbon dioxide and water. 
Adsorbed atomic oxygen is held responsible for the epoxidation of ethene.[30] The overall reaction is 
shown in Scheme 14.
Scheme 14. Ethene epoxidation on silver: overall reaction.
Epoxidation of propene on silver can only be performed with selectivities up to a few
Near quantitative selectivities can be obtained with this system. Industrially, propene is epoxidized 
by either hydrogen peroxide or alkyl hydroperoxides.
The industrial processes for the epoxidation of propene are catalyzed either by titanium 
supported on silica or by a homogeneous molybdenum catalyst. Phenylethyl hydroperoxide or t- 
butyl hydroperoxide are used as the respective oxygenating agents. Ethylbenzene or isobutane are 
oxidized by dioxygen via an autoxidation mechanism to the corresponding hydroperoxides, which
O
I
Scheme 13. Mechanism o f rhodium-catalyzed oxygenation o f olefins to ketones.[28a]
2 +  O2
+  3 O2 2 CO2 +  2 H2O
percent.[31] One of the reasons for this low selectivity is proposed to be allylic oxygenation of 
propene, which precedes full combustion to carbon dioxide and water.[31,32,33] An efficient catalyst 
for epoxidation of propene by di oxygen was recently reported to be gold supported on silica.[34]
10
Metal-catalyzed oxygenation
subsequently oxidize propene to propylene oxide. Phenylethanol and t-butanol are then converted to 
styrene and methyl t-butyl ether, respectively (Scheme 15).[35]
S ^ H
' ' / [
R'R
O, R^ ^OOH 
R''
RV
x A
R' catalyst
R\ j j ^
R''
R^ ^OH 
R
P \» T  +
R'
- h2o
R = H, R' = Me, R'' = Ph
- H20
RMeOH R'
R = R' = R'' = Me
Scheme 15. Titanium- or molybdenum-catalyzed propene epoxidation.
The mechanism of catalytic olefin oxygenation by molybdenum peroxo complexes is still 
subject of debate. Mimoun has proposed the epoxidation of ethene by [LMoO(O2)2] via an 
intermediate 3-molybdena-1,2-dioxolane (Scheme 16a).[36] First a molybdenum(VI) ethene peroxo 
species forms, which rearranges to a 3-molybdena-1,2-dioxolane through insertion of the ethene 
fragment into the Mo-O bond. The molybdenadioxolane then rearranges to a molybdenum oxo 
species and ethylene oxide. However, DFT calculations by Frenking et al. indicate that a 3- 
molybdena(VI)-1,2-dioxolane eliminates acetaldehyde instead of ethylene oxide.[37]
Sharpless et al. propose a different mechanism, involving electrophilic attack of a 
molybdenum(VI) peroxo species at the incoming olefin (Scheme 16b).[38] They also established that 
the oxygen atom in the ethylene oxide formed does indeed originate from a peroxo fragment and 
not from an oxo fragment at the molybdenum(VI) center.[38] Achrem et al. agree with Sharpless on 
this concerted mechanism.[39] Jorgensen and Hoffmann suggested initial n-coordination of the olefin 
followed by slippage of the olefin to give an intermediate similar to that proposed by Sharpless et 
a l.[40]
Y7
Mo + O
'O
Scheme 16. Mechanisms o f molybdenum-catalyzed epoxidation o f ethene. [36,38]
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Later, Sharpless et al. also proposed reaction via an alkylperoxy complex if  alkylperoxides are 
used as oxidants in molybdenum-catalyzed epoxidation, on the basis of an 18O labeling study.[41] 
Experimental and theoretical investigations by Thiel supported the idea of reaction via an 
alkylperoxy complex.[42] This mechanism has also been proposed for the titanium(IV)-catalyzed 
oxygenation of olefins to epoxides.[26b,41,43] The alkylperoxy intermediates are proposed to be 
generated from alkoxy complexes and alkylperoxides. In these “ direct” oxygen transfer reactions, 
the metal center is thought to withdraw electron density from Oa of the metal coordinated (alkyl) 
peroxy fragments, thus activating it for electrophilic attack at the olefin.
1.3.5. Dihydroxylation of alkenes
Industrial synthesis of 1,2-diols presently involves the hydrolysis of the corresponding epoxides 
(see above). A  more efficient route to 1,2-diols would be direct cis-dihydroxylation of the starting 
olefins. The latter reaction is most efficiently catalyzed by osmium oxo species. Usually, hydrogen 
peroxide, organic peroxides or ^ -oxides were used as the terminal oxidants. The use of K 3Fe(CN ) 6 
to reoxidize intermediate osmium(VI) was found to improve enantioselectivities.[44] Recently, 
Beller et al. reported that osmium oxo species are able to catalyze the cis-dihydroxylation of olefins 
with dioxygen as the terminal oxidant.[45] The proposed mechanism of this biphasic system is 
shown in Scheme 17.[45b] Addition of the olefin to an osmium(VIII) tetra-oxo species results in an 
osmium(VI) glycolate species. Hydrolysis of this species results in elimination of the diol and 
formation of an osmium(VI) complex, which is subsequently oxidized by dioxygen to an 
osmium(VIII) complex.
R
+ L
2 -OH 
2 H20
O „ OOs VIII R
O O
O " _
O ^ V I  Os O
O
L
R
R R
y ~ (
HO OH
y  J OH O JI .OHJOs VI
HO II *OH 
O
1 2 -
Scheme 17. Mechanism o f osmium catalyzed dihydroxylation o f olefins.[45bb
1.3.6. Oxygenation in fine chemicals manufacturing
Catalytic oxygenation is not only used in the manufacturing of bulk chemicals, but also in the 
manufacturing of fine chemicals and pharmaceuticals.[46] Fine chemicals are synthesized on a much 
smaller scale than bulk chemicals. Therefore, the necessity of environmentally friendly and cheap 
(terminal) oxidants, such as dioxygen and air, is lower. Usually, organic peroxides or hydrogen
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peroxide are used. Since fine chemicals are mostly thermally labile, complex molecules that cannot 
be distilled due to their high boiling points, they are often purified in the liquid phase. 
Stereoselectivity is often very crucial in the synthesis of pharmaceuticals. The economy of fine- 
chemical and pharmaceutical synthesis “enforces” the use of multi-purpose and batch-wise, instead 
of dedicated and continuous process units.
As for catalytic oxygenations to bulk chemicals, catalytic oxygenations to fine chemicals often 
involve autoxidation reactions. Examples are the dihydroxylation of benzene to hydroquinone or the 
synthesis of resorcinol via autoxidation of m-diisopropylbenzene. More exotic systems, using for 
example, zeolites,[47] clays[48] or biphasic systems[49] are also used in the fine chemical industry. The 
large margins on the resulting products make small-scale synthesis economically viable, in contrast 
to the synthesis of bulk chemicals.
1.4. Olefin oxygenation at rhodium and iridium centers
Several rhodium-catalyzed oxygenation reactions are known to date (see above), but their 
detailed mechanisms are still unknown and the reaction rates and turnover numbers are (still) too 
low to be of use in commercial synthesis. The low reaction rates, however, offer the possibility to 
trap stable analogues of crucial oxygenation intermediates, thus making mechanistic investigations 
possible.
Iridium centers are usually less reactive than rhodium centers. Therefore, iridium centers are 
used less often in catalytic oxygenations.[50] This makes iridium even more appropriate than 
rhodium for mechanistic investigations, using relatively inert analogues of oxygenation 
intermediates. Transient species in rhodium-catalyzed oxygenation could be isolable for iridium. 
This should particularly apply to olefin oxygenation, since iridium(III) has a stronger preference for 
olefins than rhodium(III).[51]
1.5. Oxametallacyclic intermediates
2-Metallaoxetanes (K2C1,O2-2-oxyethyl metal species; see illustration) have often been proposed as 
intermediates in metal-catalyzed epoxidation,[52] deoxygenation of epoxides,[53] dihydroxylation of 
olefins[54] and rearrangement of epoxides to ketones.[55,56] Unsubstituted 2-rhodaoxetanes and 2- 
iridaoxetanes and 4-methyl-2-iridaoxetanes have been isolated before through mono-oxygenation of 
the corresponding olefin complexes by hydrogen peroxide.[57] The presence of at least one ß- 
hydrogen makes them good models for 2-metallaoxetane intermediates in catalytic oxygenations 
and their reactivity was investigated.[57] Isolated 2-rhodaoxetanes have been shown to eliminate 
acetaldehyde.[57c] Furthermore, 2-rhodaoxetanes have been reported to react with acetonitrile, to 
metallacyclic imino-esters and amides. Elimination of epoxides from the 2-rhodaoxetanes and 2- 
iridaoxetanes has not yet been observed.
13
Chapter 1
P  L >O
2-metallaoxetane 3-metalla- 1,2-dioxolane
3-Metalla-l,2-dioxolanes (K2C1,O2-2-peroxyethyl metal species; see illustration) have been 
proposed as intermediates in catalytic oxygenation of olefins by group VI and VIII metal 
centers.[26a,27,58] These reactions include epoxidation[58b] and oxygenation to ketones.[26a,58a] In 
catalytic co-oxygenation of olefins and triphenylphosphane, Read et al. have invoked contraction of 
a 3-rhoda-1,2-dioxolane to a 2-rhodaoxetane via O atom transfer to (coordinated) 
triphenylphosphane (see above).[27]
Structurally characterized, unsubstituted 3-metalla-1,2-dioxolanes, [Mn(K2C1,O2- 
CH2CH2OO-)](n'2)+, have not been reported before. ß-Disubstituted 3-platina-1,2-dioxolanes, where 
the two ß-carbon substituents prevent ß-hydride transfer, have been obtained by the reaction of 
[(PPh3)2Pt(n2-O2)] with tetra-substituted electron-deficient double bonds and have been structurally 
characterized (Scheme 18).[59]
Scheme 18. Structurally characterized, substituted 3-platina-1,2-dioxolanes.[59]
1.6. Outline of this thesis
The above examples show that much is still unclear about the mechanisms involved in the 
oxygenation reactions described above. In this research project, we focused on stoichiometric 
oxygenation of rhodium and iridium olefin species. Insight in the reactions investigated is thought 
to be directly relevant to catalytic olefin oxygenation at rhodium and iridium centers. In addition, 
the types of reactivity observed could also give insight into the mechanisms of olefin oxygenation at 
other (second-row and third-row) transition metal centers.
This thesis deals with the mono-oxygenation and dioxygenation of N4-ligand rhodium and 
iridium olefin species in solution and in the solid state by either hydrogen peroxide or dioxygen. 
The use of nitrogen donor ligands instead of phosphorus donor ligands prevents oxygenation of the 
auxiliary ligand instead of the olefin and probably enhances the relative stability of metal(III) 
complexes versus metal(I) complexes. The N4 ligands occupy most of the available coordination 
sites at the metal center. This restricts the number of possible reaction paths and may enable 
isolation of intermediates that would not be isolable in a catalytic system. Oxygenation of metal(I) 
olefin fragments by dioxygen in the solid state is found to result in much higher selectivities than in 
solution. We are primarily concerned with oxygenations of tpa metal fragments.[60] For such
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fragments, two isomeric products are possible. Throughout this thesis, stereoisomers of mono­
oxygenated and dioxygenated metal olefin fragments with Namine and Oa in trans position will be 
called isomers of type a and stereoisomers of mono-oxygenated or dioxygenated metal olefin 
fragments with Namine and Oa in cis position will be called isomers of type b (see illustration).
Often, there is a clear distinction between reactivity of closed-shell metal centers, as observed 
for second-row and third-row transition metals, and that of open-shell metal centers, as is frequently 
observed for first-row transition metals. In this thesis, we will argue that this distinction may not 
always be so clear-cut in oxygenation chemistry; open-shell intermediates may also be important in 
oxygenation at rhodium and iridium centers.
Chapter 2 describes the synthesis and characterization of rhodium(I) and iridium(I) olefin 
complexes that have been used as starting materials for oxygenation. Four different nitrogen donor 
ligands have been used. They differ both in electronic properties and steric demands. Depending on 
the metal center, the ligand and the olefin used, mono-olefin and/or bis-olefin complexes are 
obtained. Factors controlling the relative stability of mono-olefin and bis-olefin complexes are 
discussed.
Chapter 3 discusses mono-oxygenation by hydrogen peroxide to 2-rhodaoxetanes. Whereas 2- 
rhodaoxetanes and 2-iridaoxetanes derived from ethene and cy cl oocta-1,5-diene (cod) had been 
synthesized before,[57,61] we have now synthesized a 4-methyl-2-rhodaoxetane through oxygenation 
of the corresponding propene fragment by hydrogen peroxide and have compared its reactivity 
towards nitriles with that of unsubstituted 2-rhodaoxetanes.[57b,c] In these reactions, we have also 
investigated the influence of electron-withdrawing groups in the nitriles. For 18e metal cod 
complexes, the influence of a fourth nitrogen donor in the stabilizing ligand on the reactivity of the 
metal cod fragment towards hydrogen peroxide was investigated.
Chapter 4 deals with the reactivity of rhodium and iridium olefin fragments towards dioxygen 
and air in the solid state. Whereas oxygenation of these fragments in solution by dioxygen often is 
aselective, oxygenation of the same metal olefin fragments in the solid state results in selective 
formation of stable 3-metalla-1,2-dioxolanes, i.e. stable analogues of the metalladioxolanes that 
have been proposed as intermediates in catalytic mono-oxygenation of olefins.[26,27,36,58] Small 
changes in the ligand, the metal and the counterion used for these cationic metal olefin fragments 
were found to drastically influence the selectivity of the oxygenation reaction.
Chapter 5 describes the reactivity of the obtained 3-metalla-1,2-dioxolanes. They rearrange to 
metal formylmethyl hydroxy species upon exposure to protons or photons. The reactivity of the 
obtained formylmethyl hydroxy species towards protons and carbon dioxide is also reported.
a b
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Chapter 6 deals with the mechanisms of the observed dioxygenation reactions. Possible 
mechanistic pathways are discussed on the basis of experimental and theoretical data.
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Rhodium and iridium mono-olefin and bis-olefin 
complexes stabilized by N4 ligands
2.1. Introduction
It is well known in metal-organic chemistry that ligands influence the chemistry around metal 
centers and can thus be used for “fine-tuning” of metal centered reactivity. Small ligand changes 
can have large effects in oxidation chemistry.[1] Olefin complexes stabilized by different nitrogen 
donor ligands can display differences in their reactivity towards oxidants like hydrogen peroxide, 
dioxygen and air. To investigate these differences, several rhodium and iridium olefin complexes 
were synthesized and characterized. For this investigation four ligands were selected, based on their 
differences and similarities. The ligands used are shown in Scheme 19. All ligands are potentially 
tetradentate nitrogen donor ligands. Three of the ligands (tpa, Metpa and tia) are podal nitrogen 
donor ligands, containing a tertiary amine donor and three pyridine (tpa and Metpa) or three 
imidazole (tia) donors. Due to steric hindrance, the 6-methylpyridine (lutidine) group in Metpa will
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be a weaker donor than the pyridine groups in tpa.[2] The imidazole groups in tia, however, are 
much stronger donors than the pyridine groups in tpa.[3] The fourth ligand is a more rigid cyclic 
nitrogen donor ligand containing two tertiary amine donors and two pyridine donors (N 4Me2).
tpa
(1 1 1 f ^__^  /j.f  N N N  1 11 1S
N il N il
i
k J
Metpa
f l  r
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\ = /
N
N N
tia N4Me2
Scheme 19. Ligands used for the synthesis o f rhodium and iridium olefin complexes.
Differences between the rhodium and iridium complexes and between the complexes stabilized 
by different ligands will be discussed. Complexes stabilized by tpa and Metpa w ill be discussed 
first, followed by N 4Me2 complexes and finally tia complexes. Part of this work has been
published.[4]
2.2. Rhodium ethene and propene complexes
2 .2 .1 . tpa complexes
The rhodium ethene complexes [(tpa)Rh(CH2CH2)]+ (1+) and [(Metpa)Rh(CH2CH2)]+ (2+) were 
synthesized according to a literature procedure, using NaBPh4 and K PF 6 to precipitate them as 
1BPh4/2BPh4 and 1PF6/2PF6, respectively.[5] Mono-ethene complexes are obtained in which the 
ligand is K4-coordinated.[5]
Propene complex 3+ was synthesized by bubbling propene through a solution of [(CH 2CH2)2RhCl] 2 
to displace the coordinated ethene by propene and subsequent addition of tpa to the reaction 
mixture. The product was precipitated as its BPh4- salt by the addition of NaBPh4. The 1H  N M R 
spectrum of 3BPh4 in acetone-d6  shows signals for the propene fragment at 5  = 2.47 (m, 
CH2CtfCH 3), 2.28 (dm, Œ 2CHCH 3), 1.93 (dm, Œ 2CHCH 3) and 0.87 (dd, CH2C H Œ 3) ppm. The 
first three signals all correspond to one proton and the last signal to three protons, indicating the 
formation of a mono-propene complex. Different signals are 
observed for all three pyridine groups, indicating the formation of an 
asymmetric complex. W e propose the structure of complex 3BPh4 to 
be analogous to the structure of 1+ with a K4-coordinated ligand (see 
illustration). It is the first reported rhodium propene complex 
stabilized by a tetradentate nitrogen donor ligand. The analogous 
iridium propene complex has been reported earlier.[6] So far only 
one rhodium propene complex has been structurally characterized.[7]
This is a bis-propene complex stabilized by a Cp* ligand (Cp* =
N
3+
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C5Me5). Other rhodium propene complexes have been isolated, but were not structurally 
characterized.[8] If  solid 3BPh4 is dried in vacuo for a few hours, a black powder, probably 
rhodium(O), is obtained. This has never been observed for complexes 1+ and 2+. Possibly, 
dissociation of propene is responsible, indicating that propene coordinates less strongly to the 
rhodium center than ethene.
2 .2 .2 . N 4Me2 complexes
Bis-ethene complex 4+ (Scheme 21) was synthesized as its PF6-salt from [(CH 2CH 2)2RhCl]2, N 4Me2 
and K PF6. The initial formation of a rhodium bis-ethene complex instead of a mono-ethene 
complex was surprising, since a mono-ethene complex forms directly with tpa (1+). Complex 4+, 
however, loses ethene easily (see below).
The 1H  N M R and 13C N M R  resonances of the vinylic protons of 4+ are broad at room 
temperature, which indicates rotation of the ethene fragments. At -60°C this rotation is frozen out, 
resulting in an ABCD-pattern in the 1H  N M R spectrum (5= 3.22, 2.92, 2.53 and 1.72 ppm). Each 
signal corresponds with two protons. An X-ray structure was obtained of 4+ (see below), showing 
the ligand is K3-coordinated as shown in Scheme 21.
The first attempts to synthesize complex 4+ at -78°C resulted in a yield of only 45%. If, 
however, the reaction mixture was allowed to warm to -20°C for five minutes, and subsequently 
cooled to -78°C again, the yield increased to 85%. Reason for the low yield at -78°C is thought to 
be the freezing out of the ligand conformers at this temperature (Scheme 20).[9] The rigidity of the 
N 4Me2 ligand results in a restricted number of possible conformers. In the syn-conformations the 
pyridine rings are almost parallel. Conformers A  (syn(b oat/boat)) and B  (syn(chair/boat)) are the 
ones needed for k 4 and k 3 coordination to metal ions. Conformer C (syn(chair/chair)) is the one 
found in the solid state.[9] Calculations by Krüger on the ligand in the gas phase and in a solvent 
matrix showed that conformer A  lies 8.5 to 20.5 kJ/mol higher in energy than conformer C. The 
free energy of activation for the interconversion of the two conformers was estimated at 47±2 
kJmol-1.[9] The energy of the syn(chair/boat) conformer B  lies in between the energies of conformers 
A  and C .[9]
At -78°C the different conformers of the ligand w ill freeze out. Warming the reaction mixture 
to -20°C will allow the interconversion of the conformers. Since conformer B  is necessary to 
complex the rhodium center (see X-ray structure below), this accounts for the higher yields 
obtained at -20°C. Longer reaction times at -20°C result in loss of ethene from 4+, and thus reduce 
its yield again.
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Scheme 20. Possible conformers o f N4M e2.
Mono-ethene complex 5PF6 is easily obtained by letting 4PF6 stand in acetone solution under a 
nitrogen atmosphere at room temperature for approximately four hours (Scheme 21). This is not a 
reversible reaction; bubbling ethene through a solution of 5PF6 or exposure of such a solution to an 
ethene atmosphere does not result in reformation of 4PF6. The rate and selectivity of the conversion 
of 4+ to 5+ proved highly dependent on the counterion used. Formation of 5+ is both slower and 
more selective if  PF6- is used as a counterion instead of BPh4-. Furthermore, irrespective of the 
counterion, the selectivity is higher in acetone than in acetonitrile. At present we do not have an 
explanation for these observations.
N N
Scheme 21. Loss o f ethene from bis-ethene complex 4PF6 and formation o f mono-ethene complex 
5PF6.
Due to the rigidity of N 4Me2, complex 5+ cannot have a K3-N4Me2 square planar geometry. 
Therefore, we propose the ligand in 5+ to be K4-coordinated, similar to tpa in 1+. An indication for 
tetradentate coordination is the fact that the 1H  N M R and 13C N M R signals for the NMe groups 
have approximately the same shift (5[1H ) = 2.15 ppm, 5(13C) = 49.8 ppm) as the signals for the
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coordinated NMe group in 4+ (5[1H ) = 2.25 ppm, 5(13C) = 52.6 ppm). Moreover, the N M R spectra 
indicate effective C2v symmetry of complex 5+.
The cyclic voltammogram of mono-ethene complex 5PF6 in dichloromethane shows an 
oxidation potential of -331 mV vs. Fc/Fc+. The oxidation potential of tpa rhodium mono-ethene 
complex 1PF6 was found to be -115 mV vs. Fc/Fc+, indicating that the N 4M 2 complex will be easier 
to oxidize. As expected, the oxidation potential of N 4Me2 rhodium bis-ethene complex 4PF6 lies 
much higher (E a = 191 mV vs. Fc/Fc ).
Complex 5PF6 is not stable in solution at room temperature, and decomposes within hours to a 
mixture of unidentified products. Thus, formation of 5PF6 is always accompanied by some 
decomposition. Analytically pure samples of 5PF6 and its oxidation products (see Chapters 4 and 5) 
could therefore not be obtained.
2.2.3. tia complexes
A  mixture of bis- and mono-ethene complexes 6 PF 6 and 7PF6 (Scheme 22) was synthesized from 
[(CH 2CH2)2RhCl]2, tia and K PF6. The 1H  N M R spectrum of this mixture at room temperature only 
showed signals corresponding to the ligand; no signals were observed for coordinated ethene. The 
1H  N M R spectrum at -90°C, however, did show signals from coordinated ethene and two sets of 
ligand signals. These stem from a mixture of two complexes in an approximate ratio of 2:5: a bis- 
ethene complex (6 PF6) and a mono-ethene complex (7PF6). Two broad triplets due to coordinated 
ethene (acetone-d6 ; 2.28 and 1.09 ppm) were observed for 7PF6, indicating that rotation is frozen 
out at this temperature. For 6 PF 6 only three of the four triplets (acetone-d6 ; 4.17. 2.83, 2.70 ppm) 
are visible in the 1H  N M R spectrum. The fourth triplet must be obscured by the Im-CH3 signals. 
Apparently rotation is frozen out for complex 6 PF6 at -90°C as well. No signal for uncoordinated 
ethene is observed. For both complexes two signals are visible for the Im-H4, Im-H5 and ImC# 3 
protons; one signal corresponding to a unique imidazole group and one corresponding to two 
equivalent imidazole groups. These signals indicate that both complexes have Cs-symmetry. In case 
of bis-ethene complex 6 PF 6 the ligand could be either fac-coordinated or mer-coordinated (Scheme 
2 2 ).
The failure to observe ethene-signals in the 1H  N M R spectra of 6 PF 6 and 7PF6 at room 
temperature is probably because these, possibly together with the signal of free ethene, coalesced to 
an extremely broad average signal. Apparently 6 PF 6 and 7PF6 are at equilibrium with each other in 
solution at room temperature and intermolecular exchange of coordinated ethene occurs (Scheme 
22). Bubbling ethene through a solution of 6PF6/7PF6 in acetone leads to the formation of 6 PF6, 
while bubbling argon through such a solution leads to loss of ethene and the formation of 7PF6.
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Scheme 22. Equilibrium o f bis-ethene complex 6PF6 with mono-ethene complex 7PF6.
The ESI-M S spectrum of 6PF6/7PF6 in THF shows a base peak at m/z = 430, corresponding to 
7+. No peak corresponding to 6 + is observed, indicating that the second ethene molecule is only 
weakly bound to the rhodium(I) center. A  daughter spectrum of m/z = 430 revealed loss of ethene 
and subsequent loss of part of the ligand (CH 3ImCH3) as the major fragmentation sequence. Initial 
loss of CH 3ImCH 3 and subsequent loss of ethene is also observed. The latter fragmentation 
sequence has never been found for rhodium tpa ethene or propene complexes, indicating that either 
this part of the ligand is more weakly bound to the amine and possibly the metal center than -CH2Py 
in tpa, or that ethene coordination is stronger in 7+ than in tpa rhodium complex 1+. Another strong 
peak is found in the ESI-M S spectrum of 6PF6/7PF6 at m/z = 462, corresponding to 
[(tia)Rh(CH 2CH2) + O2]+. Part of the mono-ethene complex must have reacted with dioxygen 
during the spraying process. A  daughter ion spectrum of the peak at m/z = 462 shows a peak at m/z 
= 418, corresponding to loss of acetaldehyde, which indicates that the peak at m/z = 462 originates 
from a 3-rhoda-1,2-dioxolane (see Chapter 4) rather than from a peroxo ethene complex.[10] Earlier 
reported peroxo ethene complexes show only loss of C2H 4 and of O2 from the parent cation.[10] The 
ESI-M S spectrum of tpa complex 1+ does not show a peak corresponding to [(tpa)Rh(CH2CH2) + 
O2]+, indicating that reaction of 7+ with dioxygen is easier than reaction of 1+ with dioxygen. 
Complex 6 + is expected to be much more difficult to oxidize than complex 7+.
2.3. Iridium ethene and propene complexes
2.3.1. tpa complexes
Bis-ethene complex 8 BPh 4 was synthesized from in situ generated IrC l(CH 2CH2)4, tpa and NaBPh4. 
Whereas a mono-ethene complex (1BPh4) is formed for tpa-stabilized rhodium(I), a bis-ethene 
complex is formed for tpa-stabilized iridium(I). This is probably due to a better n-back donating 
ability of iridium compared to rhodium.[11,12a] The iridium(I) bis-ethene complex, however, easily 
loses ethene; when nitrogen is bubbled through a solution of 8 BPh4, mono-ethene complex 9BPh4 is 
obtained (Scheme 23). The reaction is reversible; when ethene is bubbled through a solution of 
9BPh4, bis-ethene complex 8 BPh 4 reforms.
24
Rhodium and iridium mono-olefin and bis-olefin complexes stabilized by N 4  ligands
- |+ X -
- ethene
+ ethene
8+
Scheme 23. Reactivity o f bis-ethene complex 8PF6 and mono-ethene complex 9PF6.
The 1H  N M R  spectrum of 8 + at room temperature shows four triplets and its 13C N M R 
spectrum shows four singlets for the ethene fragments, indicating that rotation of the fragments is 
slow on the N M R timescale. The 1H  N M R spectrum of 9+, shows one multiplet and its 13C N M R 
spectrum two singlets (5= 4.1 and 4.3 ppm) for the coordinated ethene. Probably two signals due to 
the two ethene CH2 fragments have approximately the same shift in the 1H  N M R  spectrum. This 
indicates that rotation of the ethene fragment of 9+ is also slow on the N M R timescale. The structure 
of 8 + was confirmed by X-ray diffraction (see below).
Complex [(tpa)Ir(CH2CHCH 3)]BPh 4 (10BPh4) was synthesized according to a literature 
procedure.[12a] A  mono-propene complex is obtained; formation of a bis-propene complex is not 
observed.
2.3.2. N 4Me2 complexes
Iridium bis-ethene complex 11PF6 was synthesized from IrC l(CH 2CH2)4, N 4Me2 and K PF6. The 1H 
N M R  spectrum of 11PF6 at room temperature does not show any ethene signals. Ethene rotation 
could, however, be frozen out at 223 K  (500 MHz), resulting in an ABCD-pattern for the ethene 
protons. Whereas rhodium bis-ethene complex 4+ loses ethene in solution at room temperature, 
resulting in formation of mono-ethene complex 5+, complex 11+ slowly converts to ethyl vinyl 
complex 12+ within 16 hours in acetone at room temperature (Scheme 24).
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Scheme 24. Synthesis o f ethyl vinyl complex 12+
Interestingly, this reaction stops after a conversion of approximately 40%, suggesting that 
complexes 11+ and 12+ are at equilibrium with each other. Formation of 12+ can be explained by 
oxidative addition of one of the vinylic C-H-bond to the iridium center. The mechanism we propose 
for the formation of 12+ is shown in Scheme 25.
“1 + 1  +
Hj V  =  " ) "
Scheme 25. Proposed mechanism o f the formation o f 12+.
Thus, bis-ethene complex 11+ loses ethene, to give the corresponding mono-ethene complex, 
like its rhodium analogue, but then reacts with the dissociated ethene molecule via oxidative 
addition of a C-H bond. Subsequent insertion of the coordinated ethene fragment into the Ir-H bond 
results in the formation of ethyl vinyl complex 12+. The slow reaction rate can be explained by the 
slow dissociation of ethene from the bis-ethene complex. The 1H  N M R  spectrum shows a signal for 
uncoordinated ethene, which could be taken as support for the proposed mechanism. The possibility 
that competitive decomposition of the bis-ethene complex takes place, and is responsible for the 
presence of free ethene, cannot be excluded at present.
In the proposed mechanism, the oxidative addition step proceeds via an intermediate that is 
different from bis-ethene complex 11+. This intermediate could possibly involve a G-bonded ethene 
fragment (Scheme 26). Such intermediates have been proposed before.[13] Bergman found that 
[(Cp*)Ir(PM e3)] reacts with ethene to form a 2:1 mixture of [(Cp*)Ir(CHCH 2)(H )] and 
[(Cp*)Ir(CH 2CH2)].[13a] Upon heating [(Cp*)Ir(CHCH 2)(H )], it converted to [(Cp*)Ir(CH 2CH 2)], 
indicating that the n-complex [(Cp*)Ir(CH 2CH2)] can not be an intermediate in the formation of 
[(Cp*)Ir(CHCH 2)(H )]. Labeling studies have indicated that the three intermediates shown in 
Scheme 26 are at equilibrium with each other.[13b] Calculations by Hoffmann and Poli/Harvey have 
supported the findings of Bergman, although not all experimental findings could be explained.[14]
'r,A  + - = 'r
\ j
+
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Scheme 26. Possible intermediates leading to oxidative addition o f a vinylic C-H bond/13
A  mechanism involving direct C-H-activation of the n-coordinated ethene fragment in the mono- 
ethene complex to a vinyl hydride would lead to the formation of an iridium (III) vinyl hydride 
complex. W e would expect at this stage that coordination of the second tertiary amine of the k 3- 
N 4Me2 would be favored over coordination of an ethene molecule, resulting in a K4-N4Me2 vinyl 
hydride complex instead of an ethyl vinyl complex.
2.3.3. tia complexes
Bis-ethene complex 13BPh4 was synthesized from IrC l(CH 2CH2)4, tia and NaBPh4. The 1H  N M R 
spectrum of 13+ shows four signals for the ethene fragments, indicating that the ethene molecules 
are not rotating on the N M R time-scale. The ESI-M S spectrum of 13+ shows the expected parent 
ion at m/z = 548. This indicates that the “ second” ethene molecule is coordinated more strongly in 
13+ than in its rhodium analogue 6 +, since the ESI-M S spectrum of the latter did not show a peak 
corresponding to 6 +, but only corresponding to [6 -C2H4]+. Both fc-coordination and mer- 
coordination of tia are possible in 13+.
In acetonitrile at room temperature complex 13BPh4 slowly converts into a 1:5 mixture of two 
isomeric ethyl vinyl complexes (Scheme 27). The 1H  N M R spectrum of the mixture shows two sets 
of ethyl and two sets of vinyl signals. The signals for the major product lie at 5= 7.96 (dd), 5.26 
(dd), 4.07 (dd), 2.23 (q) and 1.21 (t). The signals for the minor product lie at 5  = 8.76 (dd), 6.00 
(dd), 5.38 (dd), 2.80 (q) and 1.31 (t). From these signals it is not clear which of the two isomers is 
the major product and which is the minor product.
27
Chapter 2
+
or
n +
13+
Scheme 27. Synthesis o f ethyl vinyl species 14a+and 14b+.
The low reaction rate and the fact that the N M R spectrum of the reaction mixture shows 
signals of uncoordinated ethene and of metal hydride species, suggest that the mechanism proposed 
for the conversion of N 4Me2 complexes 11+ to 12+ (Scheme 25) may also play a role in the 
conversion of tia complex 13+ to 14a+/14b+.
Letting the solid bis-ethene complex 13+ stand at room temperature for three days also results 
in C-H-activation. The JH  N M R  spectrum of the product shows the presence of one major product 
and one minor product in an approximate ratio of 1:4. The minor product was the same ethyl vinyl 
complex we had obtained as the major product in solution. W e propose the major product to be a 
vinyl ethene hydride complex, which we proposed as an intermediate in C-H-activation (Scheme 
25). The 1H  N M R  signals of the vinyl and ethene fragments and the hydride of the major product lie 
at: 5  = 8.03 (dd, LCH CH 2), 5.54 (d, IrC H C ^ ), 5.15 (d, IrC H C ^ ), 3.91 (m, CH2CH2), 3.78 (m, 
CH2CH2) and -20.72 (s, IrH ) ppm. The ESI-M S spectrum of the mixture shows a base peak at m/z = 
548 and two peaks at m/z = 533 and 492 corresponding to loss of C2H 4 and C4H 8 from the parent 
cation, respectively. In CD3CN at room temperature complex 13+ is converted to the ethyl vinyl 
complex (the minor product). Letting solid 13+ stand at room temperature for one month results in a 
1 :1  mixture of the ethyl vinyl complex and the vinyl ethene hydride complex, indicating that 
insertion of ethene into the Ir-H bond, although slower than in solution, does take place in the solid 
phase.
2.4. Rhodium and iridium cod complexes
Rhodium and iridium cod (cycloocta-1,5-diene) complexes stabilized by tridentate nitrogen donor 
ligands have been synthesized before.[2,12c,15,16] Oxygenation of these complexes by hydrogen
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peroxide or dioxygen led to the formation of rhodium oxabicyclononadiyl complexes, a 2 - 
rhodaoxetane and 2 -iridaoxetanes.[2,12d,16]
To investigate the influence of a fourth nitrogen donor atom on the reactivity of rhodium and 
iridium cod complexes, several cod complexes stabilized by N 4 ligands were synthesized. 
Complexes 15PF6 and 16PF6 (Scheme 28) were synthesized from tpa, K PF 6 and [(cod)RhCl] 2 or 
[(cod)IrCl]2, respectively. Complex 17PF6 (Scheme 28) was synthesized by the same method using 
tia instead of tpa. The 1H  N M R and 13C N M R spectra of 15PF6, 16PF6 and 17PF6 show only one set 
of pyridine- or imidazole-signals and one broad signal for the methylene groups, indicating fast 
exchange of the pyridine/imidazole groups on the N M R timescale. The 1H  N M R and 13C N M R 
signals of the cod ligands are all broad and only one signal is observed for all four vinylic protons, 
indicating fast rotation of the cod fragment on the N M R timescale. An X-ray structure was obtained 
of complex 15+ (see below).
Scheme 28. Rhodium and iridium cycloocta-1,5-diene complexes.
2.5. X-ray structures
Bis-ethene complexes of rhodium and iridium are rare. Here we describe the structures of two bis- 
ethene complexes and of one cod complex. Structures are shown in Figure 1, 2 and 3 and selected 
bond distances and angles are given in Table 1 and 2.
The X-ray structure of N 4Me2 bis-ethene complex 4+ is shown in Figure 1. This is the first 
reported X-ray structure of a rhodium bis-ethene complex stabilized by three nitrogen donors. The 
cation has a square pyramidal geometry with the amine occupying the apical position and contains 
the N 4Me2 ligand in a tridentate coordination mode. Three other complexes with this k 3- 
coordination mode for N 4Me2 (or an analogous ligand) have been reported earlier.[17] Usually, 
N 4Me2 adopts a tetradentate coordination mode.[9,18] In complex 4+, as well as in the earlier reported 
K3-N4Me2 complexes,[17] the N 4Me2 ligand adopts a syn(chair-boat) conformation.
15+ 16+ 17+
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Figure 1. X-ray structure o f N4Me2 bis-ethene complex 4+.
The X-ray structure also shows that the methyl group on the non-coordinating amine points 
away from the metal center, which is also the case in the earlier reported [(N4Me2)Rh(cod)]+.[17b] 
However, in [(N4Me2)Mo(CO)3] it points towards the metal center.[17a] A NOESY spectrum of 4+, 
measured at -70°C in acetone-d6, shows a NOE contact between the protons of the methyl group of 
the uncoordinated amine and the Py-H3 protons. This indicates that also in solution at -70°C (the 
crystallization temperature) the methyl group points away from the metal center at least part of the 
time.
The X-ray structure of complex 4+ does not have a plane of symmetry because the ethene 
molecules have moved up- and downward, respectively, from the basal plane of the square 
pyramide (N1-Rh1-C1 = 95.3(3)°; N1-Rh1-C3 = 90.8(3)°; N1-Rh1-C2 = 131.7(3)°; N1-Rh1-C4 = 
125.5(3)°). Also, the ethene fragments of 4+ have slightly rotated in a disrotary fashion from their 
vertical positions relative to the basal plane of the square pyramide (C2-Rh1-C4 = 84.4(4)°; C1- 
Rh1-C3 = 89.9(4)°). This is probably due to steric interaction with the methyl group at the 
coordinated amine.
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The structure of tpa complex 8+, as determined by X-ray diffraction, is shown in Figure 2. The 
complex has a trigonal bipyramidal conformation and contains the tpa ligand in a meridional 
tridentate coordination mode. This coordination mode has not been observed before for bis-olefin 
metal complexes stabilized by tpa-type ligands. In these complexes the tpa-type tridentate nitrogen 
donor ligand usually adopts a facial coordination mode.[2,10,15] The X-ray structures of three other 
iridium bis-ethene complexes stabilized by tridentate nitrogen donor ligands have been 
reported.[10,19]
Figure 2. X-ray structure o f tpa bis-ethene complex 8+.
The X-ray structure of tpa cod complex 15+ is shown in Figure 3. The structure shows that the 
cation has a square pyramidal geometry with the tpa-ligand K3-coordinated and the tertiary amine 
donor occupying the axial position. A  similar geometry was found earlier for
[(Me3tpa)Ir(CH2CH2)2]PF6.[10,20]
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Figure 3. X-ray structure o f complex 15+.
Table 1. Selected bond lengths [Â] o f 4+, 8+ and 15+ (M = Rh or Ir).
4+
8 + 15+
N1-M 2.311(5) 2.175(8) 2.485(3)
N2-M 2.145(5) 2.027(10) 2.144(3)
N3-M 2.163(5) - 2.148(3)
N4-M - 2.056(8) -
C1-M 2.113(7) 2.164(11) 2.100(5)
C2-M 2.143(7) 2.126(13) 2.120(4)
C3-M 2.104(8) 2.157(11) -
C4-M 2.125(8) 2.118(10) -
C5-M - - 2.113(4)
C6-M - - 2.107(4)
C2-C1 1.411(11) 1.419(16) 1.405(10)
C3-C4 1.341(11) 1.416(16) -
C5-C6 - - 1.393(7)
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Table 2. Selected angles [°] o f 4+, 8+ and 15+ (M=Rh or Ir).
4+
8 + 15+
N1-M-N2 78.41(19) 82.2(3) 75.06(10)
N1-M-N3 78.2(2) - 74.81(10)
N1-M-N4 - 82.1(3) -
N2-M-N3 77.72(19) - 81.40(10)
N2-M-N4 - 164.1(4) -
C2-C1-M 71.8(4) 69.2(6) 71.3(3)
C1-M-N1 95.3(3) 95.7(4) 99.7(2)
C1-M-N2 96.7(3) 89.4(4) 174.6(2)
C1-M-N3 172.1(3) - 98.2(2)
C1-M-N4 - 90.1(4) -
C1-M-C3 89.9(4) - -
C2-M-C4 84.4(4) - -
C1-C2-M 69.5(4) 72.1(7) 69.8(3)
C3-C4-M 70.7(5) 72.1(6) -
C4-C3-M 72.3(5) 69.2(6) -
C5-C6-M - - 71.0(2)
C6-C5-M - - 70.5(2)
2.6. Calculated structures
Since we were unable to obtain crystals suitable for X-ray diffraction from either tpa rhodium 
ethene complex 1+ or tia rhodium ethene complex 7+, we used B3LYP[21] calculations to study their 
structures. To verify the accuracy of our B3LYP[21] calculations we have compared the calculated 
structure of Metpa rhodium mono-ethene complex 2+with its X-ray structure.[5] Both structures are 
shown in Figure 4. Selected angles and distances are shown in Table 3. From the distances it is clear 
that the calculated values for Rh-N2 and Rh-N4 are approximately 0.02 Â shorter than the measured 
distances, whereas the calculated values for Rh-N1 and Rh-N3 are approximately 0.02/0.03 Â 
longer. The calculated angles N2-C22-C21 and N4-C42-C41 are approximately 1.0° larger than the 
measured angles, whereas the calculated angle N3-C32-C31, is approximately 0.4° smaller.
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Figure 4. a) Calculated and b) X-ray structure o f 2+.[5
Table 3. Selected angles [°] and distances [Â] o f the calculated structures o f 1+, 7  and 2+ and the 
X-ray structure o f 2+.
2+ Calculated 2+ X-Ray 1+ Calculated 7+ Calculated
C1-C2 1.4519 1.445(16) 1.4523 1.4501
Rh-C1 2.1216 2.086(9) 2.1249 2.1183
Rh-C2 2.1296 2.074(10) 2.1272 2.1248
Rh-N1 2.2086 2.175(6) 2.2149 2.3180
Rh-N2 2.0381 2 .0 2 1 (6 ) 2.0373 2.0374
Rh-N3 2.2381 2.257(7) 2.2070 2.1901
Rh-N4 2.0381 2.019(7) 2.0368 2.0379
N2/4-C22/42-C21/41 115.93 114.9(5) 115.86 122.38
N3-C32-C31 118.07 118.5(5) 117.28 123.49
N1-Rh-N2/4 82.78 82.10(19) 82.79 81.74
N1-Rh-N3 78.59 76.30(19) 78.22 77.28
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Figure 5. Calculated structures o f 1+ and 7+.
The calculated structures of 1+ and 7+ are shown in Figure 5 and selected distances and angles 
are given in Table 3. Both structures are found to be Cs-symmetric. From these structures it is clear 
that the CH 2-ImC2-ImN3 angles in the tia fragment of 7+ are significantly larger than the CH2- 
PyC2-PyN angles in the tpa fragment of 1+ (A = approx. 6 °). The ImN3-Rh distances in tia, 
however, are comparable to the PyN-Rh distances in tpa. The strain caused by the larger CH2- 
ImC2-ImN3 angles at comparable ImN3-Rh distances, forces the N1-Rh distance in 7+ to be much 
larger than in 1+. The N1-Rh-PyN angles of the tpa complex and the N1-Rh-ImN3 angles of tia 
complex are of comparable size.
2.7. Discussion
We have seen that the metal and the ligand as well as the olefin influence the relative stability of 
mono-olefin and bis-olefin complexes. In order to assess the controlling factors we w ill first discuss 
the observations made.
1. Ethene versus propene.
Whereas we have observed the formation of bis-ethene complexes for both rhodium and 
iridium, we have never observed the formation of bis-propene complexes. Also, we have 
found that drying of tpa rhodium propene complex 3BPh4 in vacuo results in dissociation of 
propene, whereas this was not observed for the corresponding ethene complex (1BPh4).
2. Rhodium versus iridium.
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Iridium was found to always form bis-ethene complexes, whereas for rhodium mixtures of 
mono-ethene and bis-ethene complexes or mono-ethene complexes were formed. Only one 
rhodium bis-ethene complex was isolated. Dissociation of ethene from an iridium center is 
apparently slower than dissociation of ethene from a rhodium center. This can be concluded 
from the rapid equilibrium that was obtained in solution between tia bis-ethene rhodium 
complex 6 + and tia mono-ethene complex 7+ and the stability of tia bis-ethene iridium 
complex 13+ in solution towards dissociation of ethene.
3. tpa versus tia.
Whereas complexation of [(CH2CH2)2RhCl]2 at -78°C by tpa results only in the formation of 
a mono-ethene complex, complexation by tia results in the formation of both a mono-ethene 
and a bis-ethene complex. A solution of the mixture shows extremely broad 1H NMR and 
13C NMR signals for the ethene fragments, indicating that the mono-ethene and the bis- 
ethene complexes are in rapid equilibrium with each other. Bubbling ethene through the 
solution results in the formation of a bis-ethene complex, whereas bubbling through argon 
generates the mono-ethene complex.
4. tpa/tia versus N4Me2.
Complexation of [(CH2CH2)2RhCl]2 at -78 till -20°C by N4Me2 results in the initial 
formation of a bis-ethene complex instead of a mono-ethene complex. The corresponding 
reaction with tpa only results in the mono-ethene complex. The N4Me2 bis-ethene complex 
loses ethene slowly, to form a mono-ethene complex. In marked contrast with the 
corresponding tia complex, regeneration of a bis-ethene complex could not be accomplished 
by simply bubbling ethene through a solution of the mono-ethene complex at room 
temperature.
5. C-H-Activation.
Whereas rhodium ethene complexes do not react via  vinylic C-H-activation, iridium bis- 
ethene complexes do. Both the tia iridium bis-ethene fragment and the N4Me2 iridium bis- 
ethene fragment convert to iridium ethyl vinyl fragments through vinylic C-H-activation. 
The iridium bis-ethene fragment stabilized by tpa, however, does not convert to an ethyl 
vinyl complex.
Taking into account that the three auxiliary ligands used are only a-donor ligands and that the 
olefins are both a-donor and n-acceptor ligands, we will now try to explain the observations 
mentioned above.
1. Ethene versus propene.
For steric reasons, propene is both a weaker a-donor and a weaker n-acceptor than ethene, 
resulting in a weaker coordination of propene to the metal(I) center. It is therefore not 
surprising that the formation of bis-propene complexes is not observed.
2. Rhodium versus iridium.
Iridium(I) is known to be a better n-donor than rhodium(I).[11,12a] This results in a stronger 
preference for n-accepting ligands and thus in a preference for olefins over nitrogen donors. 
Accordingly, loss of ethene from iridium is slower than loss of ethene from rhodium.
3. tpa versus tia.
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The imidazole groups in tia are stronger o-donors than the pyridine donors in tpa. This 
means that on the one hand a “dangling” imidazole group in tia can more efficiently 
compete with the ethene molecule for a vacant coordination site than the “dangling” 
pyridine group in tpa. On the other hand, K3-tia will donate more electron density to the 
metal center than K3-tpa, resulting in a better n-back-donating ability of the metal and 
therefore in a larger preference for a second coordinated ethene molecule. Furthermore, the 
chelate effect for tia is much weaker than for tpa due to steric constraints (see above), 
making K4-coordination less favorable for tia than for tpa. Since a rhodium bis-ethene 
complex is obtained for tia, the latter two factors apparently dominate.
4. tpa/tia versus N 4Me2.
The “dangling” tertiary amine in N4Me2 is a weaker donor than the “dangling” pyridine 
group in tpa and will thus be a worse competitor, compared to ethene, for the vacant 
coordination site. Also, N4Me2 is a much more rigid ligand than tpa, resulting in a weaker 
chelate effect. Although K3-N4Me2 is fc-coordinated and K3-tpa can also be mer- 
coordinated, we assume that the donor capacity of k 3- N4Me2 is comparable to the donor 
capacity of K3-tpa, since both contain one tertiary amine and two pyridine donors. This is all 
in accordance with the observation that a bis-ethene complex is initially formed with N4Me2, 
whereas a mono-ethene complex is formed with tpa. Kinetics, however, probably play a big 
role in the difference between N4Me2 and tpa/tia. Whereas ethene can be displaced from the 
metal center by tpa/tia in an interchange (SN2) fashion (Scheme 29a/b), displacement of 
ethene by N4Me2 probably requires a dissociative (SN1) mechanism (Scheme 29c). SN2 type 
displacement of the coordinated tertiary amine of K3-N4Me2 by the uncoordinated tertiary 
amine (Scheme 29c) has been observed before.[17b] A dissociative mechanism for ethene 
displacement most likely involves a higher energy barrier than a SN2 type mechanism. A 
higher kinetic barrier for ethene displacement by N4Me2 would explain the slow formation 
of a mono-ethene complex. The fact that the bis-ethene complex is not regenerated by 
bubbling ethene through a solution of the mono-ethene complex can be explained by a high 
kinetic barrier for displacement of the tertiary amine by ethene for the same reasons as there 
is a high barrier for the reverse reaction.
b) _  c)
“ I-
N 
N
“ I-
26+ 5+
Scheme 29. Mechanism o f ethene displacement.
+
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5. C -H-Acti vati on.
The iridium(I) complexes are more sensitive towards oxidative addition than the rhodium(I) 
complexes. This is in accordance with earlier reported investigations concerning oxidative 
addition to rhodium and iridium centers.[22] Based on its electronic properties, the tpa bis- 
ethene complex is expected to undergo C-H-activation as well as the tia and the N4Me2 
complexes, since tpa is a stronger o-donor than N4Me2. Possibly, both tia and N 4Me2 are fac- 
coordinated to the iridium center. The mer-coordinated tpa ligand may hamper C-H- 
activation. Whereas for the N4Me2 ligand an equilibrium between an iridium bis-ethene 
fragment and an iridium ethyl vinyl fragment results, for tia the equilibrium is fully on the 
side of the iridium ethyl vinyl complex. This is probably due to the larger donor ability of 
the tia ligand, resulting in a higher stability of the oxidative addition product.
2.8. Conclusions
N4-ligand (tpa, Metpa, tia, N4Me2) complexes of M!(CH2CH2)2, M!(CH2CH2), M!(cod) and 
M!(CH2CHCH3) have been synthesized. Formation of a mono-ethene or a bis-ethene complex 
depends highly on the metal (Rh vs Ir) and the N 4 ligand used.
1. Propene is found to coordinate more weakly to metal centers than ethene. Bis-propene 
complexes were never observed.
2. Olefins were found to coordinate stronger to iridium(I) than to rhodium(I). Bis-ethene 
complexes are always formed upon reaction of a ligand with IrCl(CH2CH2)4, whereas mono- 
ethene complexes or a mixture of mono-ethene and bis-ethene complexes and, in only one 
case, a bis-ethene complex is formed upon reaction with [(CH2CH2)2RhCl]2.
3. As expected, the stronger a-donor ligands (tia > tpa > N4Me2) are found to be more 
successful in stabilizing rhodium(I) bis-ethene fragments. Increased flexibility of the ligand 
(tia > tpa > N4Me2) is found to increase the rate of ethene exchange.
4. An iridium(I) bis-ethene fragment stabilized by N4Me2 or tia reacts via vinylic C-H- 
activation to give an iridium(III) ethyl vinyl fragment, whereas an iridium(I) bis-ethene 
fragment stabilized by tpa does not.
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2.10. Experimental section
2.10.1. General methods
All procedures were performed under a nitrogen atmosphere using standard Schlenck techniques, unless indicated 
otherwise. Solvents (p.a.) were deoxygenated by bubbling through a stream of nitrogen.
NMR experiments were carried out on a Bruker DPX200, a Bruker AC300, a Bruker WM400, a Varian Inova400, a 
Bruker AVANCE DRX500 and a Bruker AM-500. Solvent shift references for 1H NMR are: CD2Cl2 ^(1H) = 5.31 ppm, 
CD3CN ^(1H) = 1.94 ppm and acetone-d6 ^ H )  = 2.05 ppm. Solvent shift references for 13C NMR are: CD3CN ^(13C) =
118.1 ppm and acetone-d6 ^(13C) = 206.18 ppm. Abbreviations used are: s = singlet, d = doublet, dd = double doublet, 
ddd = double doublet of doublets, t = triplet, dt = double triplet, q = quartet, qq = quartet of quartets, m = multiplet, dm 
= double multiplet, br. = broad. Mass spectra were recorded on a Finnigan MAT 900S and a Finnigan TSQ 7000 mass 
spectrometer. Elemental analyses (C, H, N) were carried out on an Elementar-Hanau analyzer CHN-O-Rapid and on a 
Carlo Erba NCSO-analyzer. Cyclic voltammetry measurements were performed on an Eco Chemie Autolab 
PGSTAT20. A conventional three-electrode cell, with Pt working and auxiliary electrodes and 0.1 M  [(nBu)4N]PF6 
(TBAH) electrolyte was used. An Ag/AgI reference electrode (grain of AgI, 0.02 M [(nBu)4N]I (TBAI) and 0.1 M 
TBAH) was employed.
Compounds [(CH2 CH2 )2RhCl]2 ,[23] tpa,[24] Metpa,[25] [(Metpa)Rh(CH2CH2)]BPh4/PF6,[5] [(tpa)Rh(CH2CH2)]BPh4/PF6,[5]
N4Me2,[26] tia,[27] [(C8H14)2IrCl]2,[28] [(tpa)Ir(CH2CHCH3)]BPh4,[12e] [(cod)RhCl]2 [29] and [(cod)IrCl]2 [28] were prepared 
according to literature procedures. For [(tpa)Ir(CH2CHCH3)]BPh4 solvents were treated with Na2CO3 before use to 
prevent the formation of an iridium propyl complex. All other chemicals were obtained commercially and were used 
without further purification.
2.10.2. X-ray diffraction
Crystals suitable for X-ray diffraction of 4PF6 were obtained by crystallization from acetone/diethyl ether (v:v = 1:3) 
over a period of nine days at -70°C. Crystals of 8PF6 were obtained by slow diffusion of diethyl ether into an 
acetonitrile solution and crystals o f 15PF6 by crystallization from MeOH. All X-ray diffraction data were collected on 
an Enraf-Nonius CAD4 diffractometer using graphite monochromatized M o ^ a  radiation (8PF6 and 15PF6, X = 0.71073 
Â) and C u £ a  radiation (4PF6, X = 1.54184 Â). The data for 4PF6 and 8PF6 were collected at 208(2) K, and the data for 
15PF6 at 298(2) K The structures were solved by the PATTY[30] option of the DIRDIF[31] program system. All 
nonhydrogen atoms were refined with anisotropic temperature factors. The hydrogen atoms were placed at calculated 
positions, refined isotropically in riding mode. For the structures of 4PF6 and 8PF6 all hydrogen atoms were 
subsequently refined freely, but for the structure of 15PF6 only H1, H2, H5 and H6 were refined freely. Selected bond 
lengths and angles are shown in Table 1 and 2. Other relevant crystal data are summarized in Table 4. Drawings were 
generated with the program PLATON.[32] Geometrical calculations (PLATON, Spek 1995)[33] revealed neither unusual 
geometric features, nor unusual short intermolecular contacts. The calculations revealed no higher symmetry and no 
(further) solvent accessible areas.
15PF6: The inclusion of a disordered methanol moiety is based on the synthetic route but is tentative at most. The bond 
distances and anisotropic displacement parameters involved are not reliable and because of that no possible hydrogen 
bonds were derived from these data. The assignment of N4 (and hence C43) is based mainly on the, in this case rather 
similar, anisotropic displacement parameters of the atoms involved and to a lesser extent on the bond distances 
involved. No further supporting evidence was found for this assignment.
2.10.3. Calculations
The calculations were carried out with the Gaussian[34] program on SGI workstations. The method B3LYP[21] was used 
and the STO-3G basis[35] was used for the nitrogen donor ligands, the small split-valence 3-21G basis[36] for the ethene 
fragments and the LanL2DZ basis[37] for the rhodium center.
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Table 4. Crystallographic data.
4
Empirical formula 
Crystal color 
Crystal shape 
Crystal size [111111] 
Formula weight 
r [K ]
Crystal system 
Space group
U nit cell dim. from N  r e t l  
a [Â] 
b [Â] 
c[A]
«  [°] 
ß[°] 
à[°]
F [A3]
« c a lc d  [ g - C l l l '3 ]
Z
Diffractometer
Abs. Coefficient (nun"1)
Scan
Radiation (graphite mon. ) 
W avelength [A]
F(000)
E  range [°]
Index ranges
C47H54BN4ORh 
Transparent yellow-brown 
Irregular fragment 
0 .3 6 x 0 .2 4 x 0 .1 0  
804.66 
208(2)
M onoclinic 
P  21/n 
21
11.555(2)
17.523(5)
19.686(5)
90
97.38(2)
90
3952.9(17)
1.352
4
Enraf-Nonius CAD4 
3.805 
ù -2è  
C uK a 
1.54184 
1688
3.39-69.93 
0 <h  <  14 
0 </c<21
8+
C22H2óFóIrN4P
Transparent light yellow transparent
Regular platelet
0.53 x 0 .4 6 x 0 .1 0
683.64
208(2)
M onoclinic 
P  21/c 
23
7.538(2)
14.831(3)
20.753(10)
90
90.07(3)
90
2320.2(13)
1.957
Enraf-Nonius CAD4 
5.890 
ù -2è  
M oK a 
0.71073 
1328
2.70-27.48
-9 <h  < 0  
-19 < k < 0
15+
w l m T
Transparent yellow
Regular rather large platelet
0 .7 0 x 0 .3 6 x 0 .1 6
678.46
298(2)
Monoclinic 
P 21/n 
12886
12.94910(10)
13.11670(10)
17.1907(2)
90
97.0618(4)
90
2897.68(5)
1.555
Enraf-Nonius CAD4 area detector
0.711
ö a n d ù
M oK a
0.71073
1384
3.11-27.47
-16 < h  <  16 
-16 < / r <  17
-23 < / < 2 3 -26 < / < 2 6 -22 < / < 2 2
Abs. Corr. Semi-empir. o -scan[a] Semi-empir. o-scan[a] none
Range of rel. transm. fac. 1.083, 0.947 4.786, 0.696
Measured reflections 7865 5707 12886
Unique reflections 7478 5314 6604
[Rmtl [0.0633] [0.0481] 0.0173
Obs. reflections [/0>2ó(/0)] 4765 4542 5273
Data/restraints/parameters 7478/0/485 5314/0/308 6604/0/396
Goodness-of-fit on F2 1.004 1.090 1.019
SHELXL-97 weight param. 0.0970, 0.0000 0.1169, 42.6696 0.0852, 1.9412
Final R h  wR2 [/>2ó(/)] 0.0702,0.1617 0.0657,0.1843 0.0452,0.1287
R l, wR2 [all data] 0.1140,0.1815 0.0766,0.1992 0.0586,0.1392
Dilf. Peak and hole [e-Â3] 1.635, -1.208 6.907, -3.638 1.091, -0.677
[a] A.C.T. North, D.C. Philips, F.S. Mathews. Acta Crystallogr. 1968, A24, 351-359.
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2.10.4. Synthesis
(Propene)-(N ,N ,N-tri(2-pyridylm ethyl-KN)am ine-KN)-rhodium (I)-tetraphenylborate (3BPh4): Propene was 
bubbled through a solution of [(CH2CH2)2RhCl]2 (54 mg, 0,14 mmol) and NaHCO3 (50 mg) in MeOH (3 ml) at r.t. for 
30 minutes. Tpa (81 mg, 0.28 mmol) was added and the reaction mixture was stirred for 1 hour. After filtration the 
residue was washed with methanol (2 x 0.25 ml) and NaBPh 4 (85.5 mg, 0.25 mmol) was added to the filtrate. The 
reaction mixture was stirred for 1 hour, filtered, washed with MeOH (3 x 1 ml.) and dried in vacuo. Yield: 130 mg 
(69%); 'H  NMR (200 MHz, acetone-d6, 300 K): 8  = 9.39 (d, 1H, 3J(H,H) = 4.7 Hz, Py-H6), 8.33 (d, 1H, 3J(H,H) = 5.5 
Hz, Py-H6), 8.03 (d, 1H, 3J(H,H) = 5.3 Hz, Py-H6), 7.67 (m, 3H, Py-H4), 7.35 (m, 11H, BAr-H2 and Py-H3/5), 7.17 
(m, 3H, Py-H3/5), 6.92 (t, 8H, 3J(H,H) = 7.2 Hz, BAr-H3), 6.77 (t, 4H, 3J(H,H) = 6.9 Hz, BAr-H4), 5.68 (d[AB], 1H, 
2J(H,H) = 15.1 Hz, NCH2Py), 5.57 (d[AB], 1H, 2J(H,H) = 15.1 Hz, NCH2Py), 4.93 (d[AB], 1H, 2J(H,H) = 15.3 Hz, 
NCH2Py), 4.92 (d[AB], 1H, 2J(H,H) = 15.5 Hz, NCH2Py), 4.63 (s, 2H, NCH2Py), 2.47 (m, 1H, CH2CHCH3), 2.28 (dm, 
1H, 3J(H,H) = 7.8 Hz, CH2CHCH3), 1.93 (dm, 1H, 3J(H,H) = 9.8 Hz, CH2CHCH3), 0.87 (dd, 3H, 3J(H,H) = 6.2 Hz, 
2J(H,Rh) = 1.3 Hz, CH2CHCH3) ppm; 13C{'H} NMR (100 MHz, acetone-d6, 297 K): 8 =  165.0 (q, J(C ,B ) = 49.7 Hz, 
BAr-C1), 164.1 (Py-C2), 163.5 (Py-C2), 159.3 (Py-C2), 152.4 (Py-C6), 151.9 (Py-C6), 151.2 (Py-C6), 138.3 (Py-C4),
137.5 (Py-C4), 137.4 (Py-C4), 137.1 (BAr-C2), 126.1 (m, BAr-C3), 125.5 (Py-C3/5), 125.2 (Py-C3/5), 124.7 (Py- 
C3/5), 123.7 (Py-C3/5), 123.4 (Py-C3/5), 122.4 (Py-C3/5), 122.4 (BAr-C4), 70.1 (NCH2Py), 69.9 (NCH2Py), 64.6 
(NCH2Py), 40.3 (d, 1J(C,Rh) = 19.7 Hz, CH2CHCH3/CH2CHCH3), 33.8 (d, 1J(C,Rh) = 19.8 Hz, CH2CHCH3/CH- 
2CHCH3), 20.6 (CH2CHCH3) ppm; ESI-MS (acetone): 435 [M-BPLJ, 393 [M-C3H6-BPh4 ], 301 [M-C3H6-CH2C5H4N- 
BPh4].
Bis(ethene)-(3,11-dimethyl-3,11,17,18-tetraazatricyclo[11.3.1.159]-octadeca-1(17),5(18),6,8,13,15-hexaene- 
K4^ 7,^ 2,^ 5)-rhodium (I)-hexafluorophosphate (4PF6): To a suspension of NaHCO3 (100 mg, 1.2 mmol) in methanol 
(5 ml) was added [(CH2CH2)2Rh(Cl)]2 (100 mg, 0.26 mmol) at -20°C. The reaction mixture was stirred for 15 minutes, 
after which N4M e2 (138 mg, 0.51 mmol) was added. After stirring for 5 minutes at -20°C the reaction mixture was 
cooled to -78°C and stirred for 30 minutes. Undissolved material was removed by filtration. A solution of KPF6 (100 
mg, 0.54 mmol) in methanol (1 ml) was added to the filtrate at -78°C causing the precipitation of a light yellow solid. 
After stirring for 1 hour the solid was collected by filtration. Additional KPF6 (60 mg, 0.33 mmol) was added to the 
filtrate. The solution was warmed to room temperature for two minutes after which it was again cooled to -78°C. This 
produced a second batch of solid, which was collected by filtration after stirring for 15 minutes. The combined solids 
were washed with methanol and dried under vacuum. Yield: 245 mg (83%); 'H  NMR (500 MHz, acetone-d6, 203 K): 8  
= 7.73 (t, 2H, 3J(H,H) = 7.8 Hz, Py-H4), 7.37 (d, 2H, 3J(H,H) = 7.5 Hz, Py-H3/5), 7.28 (d, 2H, 3J(H,H) = 7.8 Hz, Py- 
H3/5), 6.06 (d[AB], 2H, 2J(H,H) = 14.1 Hz, NCH2Py), 5.17 (d[AB], 2H, 2J(H,H) = 16.7 Hz, NCH2Py), 4.51 (d[AB], 
2H, 2J(H,H) = 16.9 Hz, NCH2Py), 4.46 (d[AB], 2H, 2J(H,H) = 14.1 Hz, NCH2Py), 3.84 (s, 3H, NCH3), 3.22 (m, 2H, 
CH2CH2), 2.92 (br.t, 2H, 3J(H,H) = 10.3 Hz, CH2CH2), 2.53 (br.t, 2H, 3J(H,H) = 10.9 Hz, CH2CH2), 2.25 (s, 3H, 
NCH3), 1.72 (m, 2H, CH2CH2) ppm; 13C{'H} NMR (100 MHz, acetone-d6, 243 K): 8 =  160.0 (Py-C2/6), 158.1 (Py- 
C2/6), 138.4 (Py-C4), 126.3 (Py-C3/5), 121.9 (Py-C3/5), 68.1 (NCH2Py), 65.4 (NCH2Py), 57.7 (br., CH2CH2), 52.6 
(NCH3), 46.6 (br., CH2CH2), 37.7 (NCH3); ESI-MS (CH3CN): 427 [M-PF6]+, 399 [M-(CH2CH2)-PF6]+.
(Ethene)-(3,11-dimethyl-3,11,17,18-tetraazatricyclo[11.3.1.159]-octadeca-1(17),5(18),6,8,13,15-hexaene- 
K A ^ ^ ^ - r h o d i u m ^ - h e x a f l u o r o p h o s p h a t e  (5PF6): After stirring 4PF6 (245 mg, 0.43 mmol) in acetone-d6 (10 
ml) for 4 hours, diethyl ether (40 ml) was added. A red solid precipitated and was collected by filtration and washed 
with diethyl ether. The obtained brick red solid was isolated by filtration, washed with diethyl ether and dried in vacuo. 
Yield 112 mg (48%); 'H  NMR (200 MHz, CD3CN, 298 K): 8 = 7.62 (t, 2H, 3J(H,H) = 7.9 Hz, Py-H4), 7.11 (d, 4H, 
3J(H,H) = 7.8 Hz, Py-H3 and Py-H5), 4.01 (d[AB], 4H, 2J(H,H) = 15.1 Hz, NCH2Py), 3.82 (d[AB], 4H, 2J(H,H) = 15.0 
Hz, NCH2Py), 2.54 (d, 4H, 2J(H,Rh) = 2.4 Hz, CH2CH2), 2.15 (d, 6H, 3J(H,Rh) = 1.3 Hz, NCH3); 13C{'H} NMR (75 
MHz, acetone-d6, 297 K): 8 =  155.4 (Py-C2 and Py-C6), 136.6 (Py-C4), 121.3 (Py-C3 and Py-C5), 76.1 (NCH2Py),
49.8 (NCH3), 24.8 (d, J(C,Rh) = 18 Hz, CH2CH2); ESI-MS (CH3CN): 399 [M-PF6]+, 371 [M-(CH2CH2)-PF6]+.
(Ethene)-(N,N,N-tri(2-(1-methylimidazolyl-KN7)m ethyl)am ine-KN)-rhodium (I)-hexafluorophosphate and 
bis(ethene)-(^-(2-(1-m ethylim idazolyl)m ethyl)-^,^-di(2-(1-m ethylim idazolyl-K ^7)m ethyl)am ine-K ^)-rhodium (I)-
42
Rhodium and iridium mono-olefin and bis-olefin complexes stabilized by N4 ligands
hexafluorophosphate (6PF6/7PF6): To a solution of [(CH2CH2)2RhCl]2 (100 mg, 0.26 mmol) in MeOH (3 ml) was 
added tia (155 mg, 0.52 mmol) at -78°C. After stirring for 1 hour, any undissolved material was filtered off. A solution 
of KPF6 (145 mg, 0.78 mmol) in MeOH (2 ml) was added to the filtrate and a yellow solid precipitated. The suspension 
was filtered and the residue was dried in vacuo. Yield: 202 mg; 'H  NMR (500 MHz, acetone-d6, 183 K): 8 =  7.31 (s,
1H, bis, Ima-H4), 7.28 (s, 1H, mono, Ima-H4/5), 7.14 (s, 1H, bis, Ima-H5), 7.09 (s, 2H, bis, Imb-H4/5), 7.07 (s, 2H, bis, 
Imb-H4/5), 6.90 (s, 2H, mono, Imb-H4), 6.56 (s, 1H, mono, Ima-H4/5), 6.42 (s, 2H, mono, Imb-H5), 5.35 (d[AB], 2H, 
2J(H,H) = 15.3 Hz, bis, NCH2Imb), 5.28 (d[AB], 2H, 2J(H,H) = 16.0 Hz, mono, NCH2Imb), 5.10 (d[AB], 2H, 2J(H,H) = 
15.0 Hz, mono, NCH2Imb), 4.84 (d[AB], 2H, 2J(H,H) = 15.4 Hz, bis, NCH2Imb), 4.67 (s, 2H, mono, NCH2Ima), 4.58 (s, 
2H, bis, NCH2Im J, 4.17 (t, 2H, 3J(H,H) = 10.2 Hz, bis, CH2CH2), 3.79 (s, 3H, mono, ImCH;,), 3.78 (s, 3H, bis, 
ImaCH3), 3.64 (s, 6H, mono, ImbCH3), 3.36 (s, 6H, bis, ImbCH3), 2.83 (t, 2H, 3J(H,H) = 10.1 Hz, bis, CH2CH2), 2.70 (t, 
2H, 3J(H,H) = 10.0 Hz, bis, CH2CH2), 2.28 (t, 2H, 3J(H,H) = 8.3 Hz, mono, CH2CH2), 1.09 (t, 2H, 3J(H,H) = 8.8 Hz, 
mono, CH2CH2) ppm. (The fourth signal for CH2CH2 of the bis-ethene complex is obscured by the ImCH3 signals.); 
13C{'H} NMR (100 MHz, CD3CN, 297 K): 8 =  148.5 (Imb-C2), 146.6 (Ima-C2), 128.3 (Ima-C4/5), 126.4 (Imb-C4/5),
123.3 (Im,-C4/5), 122.2 (Imb-C4/5), 61.1 (NCH2Imb), 57.1 (NCH2Ima), 34.3 (ImbCH3), 33.4 (ImaCH3) ppm. (The 
signals for the ethene fragments are not visible at room temperature.); ESI-MS (THF): 462 [M+O2-PF6]+, 430 [M- 
CH2CH2-PF6]+, 402 [M-CH2CH2-PF6]+.
Bis(ethene)-(N-(2-pyridylmethyl)-.N,N-di(2-pyridylmethyl-KN)amine-KN)-iridium(I)-hexafluorophosphate (8PF6): 
Ethene was bubbled through a solution of [(C8H i4)2IrCl]2 (325 mg, 0.36 mmol) in MeOH (13 ml) until a clear solution 
was obtained. Under an ethene atmosphere tpa (216 mg, 0.74 mmol) was added and the reaction mixture was stirred for 
10 minutes. KPF6 (167 mg, 0.91 mmol) was added under an ethene atmosphere and after stirring for 1 hour, the solution 
was cooled to -78°C. The cold suspension was filtered under a nitrogen atmosphere and the white residue was washed 
with MeOH (3 x 1 ml) and dried in vacuo. Complex 8PF6 was obtained as a white powder. Yield: 290 mg (58%); 'H  
NMR (200 MHz, CD2Cl2, 300 K): 8 =  8.69 (ddd, 1H, 3J(H,H) = 4.9 Hz, 4J(H,H) = 1.8 Hz, 5J(H,H) = 0.9 Hz, Pya-H6), 
7.80 (dt, 1H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.9 Hz, Pya-H4), 7.73 (dt, 2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pyb-H4), 
7.60 (d, 2H, 3J(H,H) = 4.9 Hz, Pyb-H6), 7.37 (m, 3H, Py-H3), 7.14 (t, 3H, 3J(H,H) = 7.0 Hz, Py-H5), 5.50 (d[AB], 2H, 
2J(H,H) = 15.4 Hz, NCH2Pyb), 4.65 (d[AB], 2H, 2J(H,H) = 15.6 Hz, NCH2Pyb), 4.39 (s, 2H, NCH2Pya), 3.36 (br.t, 2H, 
3J(H,H) = 9.4 Hz, CH2CH2), 3.22 (t, 2H, 3J(H,H) = 9.7 Hz, CH2CH2), 1.94 (t, 2H, 3J(H,H) = 9.8 Hz, CH2CH2), 1.85 
(br.t, 2H, 3J(H,H) = 9.7 Hz, CH2CH2) ppm; 13C{'H} NMR (125 MHz, CD3CN, 243 K): 8 =  166.2 (Pyb-C2), 154.6 (Pya- 
C2), 150.8 (Pya-C6), 150.4 (Pyb-C6), 138.8(Pyb-C4), 138.2 (Pya-C4), 127.2 (Pya-C3/5), 126.6 (Pyb-C3/5), 124.8 (Pyb- 
C3/5), 124.5 (Pya-C3/5), 65.4 (NCH2Pyb), 65.3 (NCH2Pya), 39.8 (br., CH2CH2), 37.3 (br., CH2CH2), 34.8 (CH2CH2),
30.3 (CH 2 CH2 ) ppm; ESI-MS(THF): 511 [M-CH2 CH2 -PF6 ]+, 483 [M-(CH2 CH2 )2 -PF6 ]+; elemental analysis calcd (%) 
for 8PF6 (C22H26F6IrN4P): C 38.65, H 3.83, N 8.20; found: C 38.78, H 3.90, N 8.36.
(Ethene)-(N,N,N-tri(2-pyridylmethyl-KN)amine-KN)-iridium(I)-hexafluorophosphate (9PF6): M ethod A: Complex 
9PF6 is synthesized according to the same procedure as is described for bis-ethene complex 8PF6, but nitrogen is 
bubbled through the MeOH solution before the addition of KPF6.Complex 9PF6 was obtained as a yellow/orange 
powder. Yield: 83%. M ethod B: N2 was bubbled through a solution of 8PF6 (255 mg, 0.37 mmol) in acetone (14 ml) 
until a clear solution was obtained. The solvent was evaporated to a volume of approximately 8 ml and hexane (40 ml) 
was added. The resulting suspension was filtered and the residue was washed with hexane (3 x 1 ml) and dried in 
vacuo. Complex 9PF6 was obtained as a yellow/orange powder. Yield: 210 mg (86%); 'H  NMR (200 MHz, CD3CN, 
300 K): 8 =  9.19 (d, 1H, 3J(H,H) = 5.2 Hz, Pya-H6), 8.28 (d, 2H, 3J(H,H) = 5.3 Hz, Pyb-H6), 7.64 (t, 3H, 3J(H,H) = 7.8 
Hz, Py-H4), 7.21 (m, 4H, Py-H3 and Pya-H5), 7.05 (t, 2H, 3J(H,H) = 6.6 Hz, Pyb-H5), 5.11 (d[AB], 2H, 2J(H,H) = 15.3 
Hz, NCH2Pyb), 4.83 (d[AB], 2H, 2J(H,H) = 15.3 Hz, NCH2Pyb), 4.69 (s, 2H, NCH2Pya), 1.28 (m, 4H, CH2CH2) ppm; 
13C{'H} NMR (75 MHz, CD3CN, 300 K): 8 =  165.5 (Pyb-C2), 161.1 (Pya-C2), 152.4 (Pya-C6), 151.4 (Pyb-C6), 137.8 
(Pya-C4), 136.3 (Pyb-C4), 125.8 (Pyb-C3/5), 124.6 (Pya-C3/5), 123.4 (Pyb-C3/5), 122.3 (Pya-C3/5), 71.6 (NCH2 Pyb), 
65.9 (NCH2Pya), 4.3 (CH2CH2), 4.1 (CH2CH2) ppm; ESI-MS (THF): 511 [M-PF6]+, 483 [M-CH2CH2-PF6]+; elemental 
analysis calcd (%) for 9PF6 (C20H22F6IrN4P): C 36.64, H 3.38, N 8.55; found: C 36.63, H 3.44, N 8.66.
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Bis(ethene)-(3,11-dimethyl-3,11,17,18-tetraazatricyclo[11.3.1.15,9]-octadeca-1(17),5(18),6,8,13,15-hexaene- 
K4^ 7,^ 2,^ 5)-iridium (I)-hexafluorophosphate (11PF6): To a solution of N 4M e4 (20 mg, 0.07 mmol) in MeOH (4 ml) 
was added [(C8H M)2IrCl]2 (33.4 mg, 0.04 mmol). After ethene was bubbled through the solution for three hours, a 
solution of KPF6 (14 mg, 0.08 mmol) in MeOH (1 ml) was added and the pale yellow product was precipitated. The 
supernatant was removed with a Pasteur pipette and the solid was washed with cold MeOH (3 x 1 ml). The product was 
dried in vacuo . Yield: 30 mg (60%); 'H  NMR (200 MHz, acetone-d6, 298 K): 8 =  7.78 (t, 2H, 3J(H,H) = 7.7 Hz, Py- 
H4), 7.37 (d, 2H, 3J(H,H) = 7.6 Hz, Py-H3), 7.35 (d, 2H, 3J(H,H) = 7.6 Hz, Py-H5), 5.82 (d[AB], 2H, 2J(H,H) = 13.9 
Hz, NCH2Py), 5.03 (d[AB], 2H, 2J(H,H) = 17.1 Hz, NCH2Py), 4.79 (d[AB], 2H, 2J(H,H) = 17.1 Hz, NCH2Py), 4.43 
(d[AB], 2H, 2J(H,H) = 13.8 Hz, NCH2Py), 3.89 (s, 3H, NCH3), 2.20 (s, 3H, NCH3) ppm. (Ethene signals are very broad 
and hidden in baseline.); 13C{'H} NMR (50 MHz, acetone-d6, 298 K): 8  = 162.6 (Py-C2/6), 159.9 (Py-C2/6), 139.2 
(Py-C4), 127.5 (Py-C3/5), 122.4 (Py-C3/5), 71.1 (NCH2Py), 66.5 (NCH2Py), 55.8 (NCH3), 39.7 (br., CH2CH2), 38.3 
(NCH3), 24.7 (br., CH2CH2) ppm; elemental analysis calcd (%) for 11PF6 (C20H28F6IrN4P): C 36.31, H 4.27, N 8.47; 
found: C 36.30, H 4.26, N 8.40.
(Ethyl)-(vinyl)-(3,11-dimethyl-3,11,17,18-tetraazatricyclo[11.3.1.159]-octadeca-1(17),5(18),6,8,13,15-hexaene- 
K4^ 7,^ 2,^ 5)-iridium (III)-hexafluorophosphate (12PF6): A solution of 11PF6 in acetone is left standing until 
approximately 40% of 11PF6 is converted to 12PF6. The data for 12PF6 are given. 'H  NMR (500 MHz, acetone-d6, 233 
K): 8 =  8.51 (dd, 1H, 3J(H,H) = 18.2 Hz, 3J(H,H) = 11.2 Hz, IrCHCH2), 7.89 (t, 1H, 3J(H,H) = 8.0 Hz, Py-H4), 7.86 (t,
IH, 3J(H,H) = 8.0 Hz, Py-H4), 7.42 (m, 4H, Py-H3 and Py-H5), 5.62 (dd, 1H, 3J(H,H) = 11.2 Hz, 2J(H,H) = 3.8 Hz, 
IrCHCH2), 4.57 (dd, 1H, 3J(H,H) = 18.5 Hz, 2J(H,H) = 3.8 Hz, IrCHCH2), 2.44 (q, 2H, 3J(H,H) = 7.7 Hz, IrCH2CH3), 
0.87 (t, 3H, 3J(H,H) = 8.0 Hz, IrCH2CH3) ppm. (The signals o f methylene protons are obscured by the signals of 
11PF6.)
Bis(ethene)-(^-(2-(1-m ethylim idazolyl)m ethyl)-^,^-di(2-(1-m ethylim idazolyl-K ^7)m ethyl)am ine-K ^)-iridium (I)- 
te traphenylborate  (13BPh4): Ethene was bubbled through a solution of [(C8H i4)2IrCl]2 (252 mg, 0.28 mmol) in MeOH 
(10 ml) for 15 minutes at room temperature. The reaction mixture was cooled to -78°C  and tia (168 mg, 0.56 mmol) 
was added. After stirring for 1 hour, NaBPh4 (183 mg, 0.53 mmol) was added and a yellow solid precipitated. The 
suspension was filtered and the residue was dried in vacuo. Yield: 411 mg (89%); 'H  NMR (500 MHz, CD3CN, 273 K): 
8 =  7.27 (m, 8H, BAr-H2), 7.06 (d, 1H, 3J(H,H) = 1.5 Hz, Ima-H4/5), 7.05 (d, 1H, 3J(H,H) = 1.2 Hz, Ima-H4/5), 6.99 (t, 
8H, 3J(H,H) = 7.4 Hz, BAr-H3), 6.84 (t, 4H, 3J(H,H) = 7.2 Hz, BAr-H4), 6.81 (d, 2H, 3J(H,H) = 1.5 Hz, Imb-H4/5), 
6.34 (d, 2H, 3J(H,H) = 1.7 Hz, Imb-H4/5), 5.51 (d[AB], 2H, 2J(H,H) = 15.5 Hz, NCH2Imb), 4.51 (d[AB], 2H, 2J(H,H) =
15.7 Hz, NCH2Imb), 4.39 (s, 2H, NCH2Ima), 3.69 (m, 2H, CH2CH2), 3.64 (s, 6H, ImbCH3), 3.49 (s, 3H, ImaCH3), 3.31 
(t, 2H, 3J(H,H) = 9.6 Hz, CH2CH2), 1.83 (m, 2H, CH2CH2), 1.81 (t, 4H, 3J(H,H) = 9.6 Hz, CH2CH2) ppm; 13C{'H} 
NMR (75 MHz, CD3CN, 300 K): 8 =  164.4 (q, 1J(C,B) = 49.1 Hz, BAr-C1), 152.4 (Imb-C2), 142.7 (Ima-C2), 136.5 (q, 
2J(C,B) = 4.3 Hz, BAr-C2), 128.4 (Ima-C4/5), 126.4 (q, 3J(C,B) = 8.4 Hz, BAr-C3), 124.9 (Imb-C4/5), 123.5 (Ima- 
C4/5), 122.8 (Imb-C4/5), 122.6 (BAr-C4), 57.8 (NCH2Imb), 56.2 (NCH2Ima), 37.3 (ImbCH3), 35.4 (ImaCH3), 33.6 
(CH2CH2), 27.4 (CH2CH2) ppm. (The two other signals for the ethene fragments are probably very broad and hidden in 
the baseline); ESI-MS (CH3CN): 549 [M-BPh4]+, 521 [M-CH2CH2-BPh4]+, 493 [M-(CH2CH2)2-BPh4]+.
(Ethyl)-(vinyl)-(N,N,N-tri(2-(1-methylimidazolyl-KN7)m ethyl)am ine-K N )-iridium (III)-tetraphenylborate 
(14aBPh4/14bBPh4): A solution of 13BPh4 in CD3CN or CD2Cl2 is left standing at room temperature. Slow conversion 
to ethyl vinyl complexes 14a+/14b+ takes place. After 4 days a 1:5 mixture is obtained. The 'H  NMR data for the ethyl 
and vinyl fragments are given: M ajo r product: 'H-NM R (400 MHz, CD3CN, 302 K): 8 =  7.96 (dd, 1H, 3J(H,H) = 10.8 
Hz, 3J(H,H) = 18.1 Hz, IrCHCH2), 5.26 (dd, 1H, 3J(H,H) = 10.8 Hz, 2J(H,H) = 4.0 Hz, IrCHCH2), 4.07 (dd, 1H, 3J(H,H) 
= 18.2 Hz, 2J(H,H) = 4.1 Hz, IrCHCH2), 2.23 (q, 2H, 3J(H,H) = 7.7 Hz, IrCH2CH3), 1.21 (t, 3H, 3J(H,H) = 7.6 Hz, 
IrCH2CH3) ppm; M inor product: 'H-NM R (400 MHz, CD3CN, 302 K): 8 =  8.76 (dd, 1H, 3J(H,H) = 10.2 Hz, 3J(H,H) 
= 17.6 Hz, IrCHCH2), 6.00 (dd, 1H, 3J(H,H) = 10.0 Hz, 2J(H,H) = 3.3 Hz, IrCHCH2), 5.38 (dd, 1H, 3J(H,H) = 17.5 Hz, 
2J(H,H) = 3.2 Hz, IrCHCH2), 2.80 (q, 2H, 3J(H,H) = 7.7 Hz, IrCH2CH3), 1.31 (t, 3H, 3J(H,H) = 7.6 Hz, IrCH2CH3) 
ppm; elemental analysis calcd (%) for 14BPh4 (C43H49BIrN7): C 59.57, H 5.70, N 11.31; found: C 59.35, H 5.86, N
II.15.
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(Ethene)-(vinyl)-(hydride)-(^-(2-(1-m ethylim idazolyl)m ethyl)-^,^-di(2-(1-m ethylim idazolyl-K ^7)m ethyl)am ine- 
K ^)-irid ium (III)-tetraphenylborate: Solid 13BPh4 was left standing at room temperature. Within 3 days a mixture of 
two products was obtained in an approximate ratio of 1:4. The data of the major product are given: 'H-NM R (400 MHz, 
CD3CN, 302 K): 8 =  8.03 (dd, 1H, 3J(H,H) = 9.3 Hz, 3J(H,H) = 16.9 Hz, IrCHCH2), 7.31 (d, 1H, 3J(H,H) = 1.6 Hz, Im- 
H4/5), 7.27 (m, 8H, BAr-H2), 7.10 (d, 1H, 3J(H,H) = 1.0 Hz, Im-H4/5), 7.05 (s, 1H, Im-H4/5), 6.99 (t, 8H, 3J(H,H) =
7.4 Hz, BAr-H3), 6.91 (d, 1H, 3J(H,H) = 1.8 Hz, Im-H4/5), 6.84 (t, 4H, 3J(H,H) = 6.9 Hz, BAr-H4), 6.81 (d, 1H, 
3J(H,H) = 1.8 Hz, Im-H4/5), 5.54 (d, 1H, 3J(H,H) = 9.4 Hz, IrCHCH2), 5.15 (d, 1H, 3J(H,H) = 16.8 Hz, IrCHCH2), 5.13 
(d[AB], 1H, 2J(H,H) = 18.2 Hz, NCH2Im), 4.85 (d[AB], 1H, 2J(H,H) = 15.6 Hz, NCH2Im), 4.61 (d[AB], 1H, 2J(H,H) =
15.4 Hz, NCH2Im), 4.47 (d[AB], 1H, 2J(H,H) = 14.9 Hz, NCH2Im), 4.35 (d[AB], 1H, 2J(H,H) = 15.4 Hz, NCH2Im), 
4.29 (d[AB], 1H, 2J(H,H) = 18.0 Hz, NCH2Im), 3.91 (m, 2H, CH2CH2), 3.78 (m, 2H, CH2CH2), 3.72 (s, 3H, ImCH3), 
3.59 (s, 3H, ImCH3), 3.53 (s, 3H, ImCH3), -20.72 (s, 1H, IrH) ppm. (One of the Im-H4/5 signals is probably obscured 
by one of the BAr signals); ESI-MS(CH3CN): 548 [M-BPh,]+, 533 [M+CH3CN-C4H8-BPh4]+, 520 [M-C2H4-BPh4]+, 
492 [M-C4H8-BPh4]+.
(n4-Cycloocta-1,5-diene)-(^-(2-pyridylm ethyl)-^,^-di(2-pyridylm ethyl-K ^)am ine-K ^)-rhodium (I)- 
hexafluorophosphate (15PF6): To a suspension of [(cod)RhCl]2 (500 mg, 1.0 mmol) in MeOH (15 ml) was added tpa 
(589 mg, 2.0 mmol). A clear solution was obtained and stirred for 1 hour at room temperature. After addition of KPF6 
(112 mg, 0.61 mmol), the reaction mixture was stired for 1 more hour and the solvent was partly evaporated, causing 
precipitation of the product. The product is filtered off, washed with MeOH and dried in vacuo. Yield: 1.13 g (87%); 'H  
NMR (400 MHz, CD3CN, 297 K): 8 =  9.00 (d, 3H, 3J(H,H) = 5.3 Hz, Py-H6), 7.68 (dt, 3H, 3J(H,H) = 7.7 Hz, 4J(H,H) =
1.8 Hz, Py-H4), 7.27 (ddd, 3H, 3J(H,H) = 7.7 Hz, 3J(H,H) = 5.3 Hz, 4J(H,H) = 1.2 Hz, Py-H5), 7.23 (d, 3H, 3J(H,H) =
7.7 Hz, Py-H3), 4.70 (s, 6H, NCH2Py), 3.90 (br. s, 4H, CH=CH), 2.69 (m, 4H, CH=CHCH2-exo), 1.89 (m, 4H, 
CH=CHCH2-endo) ppm; 13C{'H} NMR (100 MHz, CD3CN, 297 K): 8 =  158.9 (Py-C2), 151.4 (Py-C6), 138.5 (Py-C4),
124.6 (Py-C3 and Py-C5), 76.8 (d, J(C,Rh) = 12.6 Hz, CH=CH), 65.2 (NCH2Py), 31.6 (CH=CHCH2) ppm; ESI-MS 
(CH3CN): 501 [M-PF6]+, 393 [ M - C g H n ^ f ;  elemental analysis calcd (%) for 15PF6 (C2 6 H30 F 6 RhN 4 P ): C 48.31, H 
4.68, N 8.67; found: C 48.09, H 4.59, N 8.45.
(n4-Cycloocta-1,5-diene)-(^-(2-pyridylm ethyl)-^,^-di(2-pyridylm ethyl-K ^)am ine-K ^)-iridium (I)- 
hexafluorophosphate (16PF6): To a suspension of [(cod)IrCl]2 (437 mg, 0.65 mmol) in MeOH (15 ml) was added tpa 
(378 mg, 1.3 mmol). The reaction mixture was stirred at room temperature until a clear solution was obtained and KPF6 
(359 mg, 2.0 mmol) was added. The resulting suspension was stirred for 1 hour and the product was filtered off, washed 
with cold MeOH (3 x 0.5 ml) and dried in vacuo. Yield: 799 mg (84%); 'H  NMR (400 MHz, CD3CN, 302 K): 8 =  8.98 
(d, 3H, 3J(H,H) = 5.1 Hz, Py-H6), 7.74 (dt, 3H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.4 Hz, Py-H4), 7.34 (d, 3H, 3J(H,H) = 7.8 
Hz, Py-H3), 7.29 (t, 3H, 3J(H,H) = 6.5 Hz, Py-H5), 4.75 (s, 6H, NCH2Py), 3.45 (m, 4H, CH=CH), 2.46 (m, 4H, 
CH=CHCH2-exo), 1.61 (m, 4H, CH=CHCH2-endo) ppm; 13C{'H} NMR (100 MHz, CD3CN, 297 K): 8 =  159.4 (Py- 
C2), 151.4 (Py-C6), 138.6 (Py-C4), 125.1 (Py-C3/5), 124.8 (Py-C3/5), 66.7 (CH=CH), 58.3 (NCH2Py), 32.7 
(CH=CHCH 2 ) ppm; ESI-MS (CH3CN): 591 [M-PF6]+.
(n4-Cycloocta-1,5-diene)-(^-(2-(1-m ethylim idazolyl)m ethyl)-^,^-di(2-(1-m ethylim idazolyl-K^7)m ethyl)am ine- 
KW )-rhodium(I)-hexafluorophosphate (17PF6): To a suspension of [(cod)RhCl]2 (100 mg, 0.20 mmol) in MeOH (3 
ml) was added a solution of tia (122 mg, 0.41 mmol) in MeOH (2 ml). A clear solution was obtained and stirred for 1 
hour at room temperature. After addition of KPF6 (112 mg, 0.61 mmol), the solvent was partly evaporated, causing 
precipitation of the product. The product is filtered off and dried in vacuo. Yield: 193 mg (71%); 'H  NMR (400 MHz, 
CD3CN, 297 K): 8 =  7.03 (s, 3H, Im-H4/5), 6.96 (s, 3H, Im-H4/5), 4.47 (br. s, 6H, NCH2Py), 3.81 (br. s, 4H, CH=CH), 
3.53 (s, 9H, ImCH3), 2.57 (br. s, 4H, CH=CHCH2-exo), 1.83 (m, 4H, CH=CHCH2-endo) ppm; 13C{'H} NMR (100 
MHz, CD3CN, 297 K): 8  = 147.1 (Im-C2), 127.3 (Im-C4/5), 123.3 (Im-C4/5), 77.8 (CH=CH), 53.6 (NCH2Py), 33.5 
(CH=CHCH2 or ImCH3), 31.5 (CH=CHCH2 or ImCH3) ppm; FAB-MS (ot-NOBA/CH3CN): 510 [M-PF6]+; elemental 
analysis calcd (%) for 17PF6 (C23H33F6RhN7P): C 42.15, H 5.07, N 14.96; found: C 42.16, H 5.15, N 14.77.
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Oxidation in solution
3.1. Introduction
2 -Metallaoxetanes have often been proposed as intermediates in several important reactions, such as 
metal-catalyzed epoxidation,[1] deoxygenation of epoxides,[2] dihydroxylation of olefins[3] and 
rearrangement of epoxides to ketones.[4,5] To check these proposals and to investigate the reactivity 
of 2-metallaoxetanes, it would be desirable to have direct access to such oxetanes. However, 
reported isolated and structurally characterized 2 -metallaoxetanes prior to the ones described below 
were rather atypical examples; they contained strongly electron-withdrawing group and/or lacked ß-
hydrogens.[6]
Unsubstituted 2-metallaoxetanes were first prepared through mono-oxygenation of N 4-ligand 
and N 3-ligand rhodium and iridium ethene complexes by hydrogen peroxide (Scheme 30).[7] 2- 
Rhodaoxetane 18b+ contains two ß-hydrogen atoms, making it a suitable model to study the 
reactivity of 2-metallaoxetanes. The reactivity of this oxetane towards acetonitrile has been
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investigated. It was found to react with acetonitrile in the presence of an acid to give 2- 
(acetimidoyloxy)ethyl complex 19b2+ (Scheme 30).[7a] Complex 19b2+ subsequently rearranges to 
2 -(acetylamino)ethyl complex 2 0 b2+.[7a]
H20 2
nh4p f6
c h 3c n
+ +
Scheme 30. Synthesis o f a 2-rhodaoxetane and it reactivity towards acetonitrile. [7]
2-(Acetylamino)ethyl complex 20b2+ is very stable in solution. In particular, no ß-hydrogen 
elimination is observed. This prevents closure of a possible catalytic cycle to the original Rh (I) 
ethene complex (see below). In this chapter we describe the reactivity of 2-rhodaoxetane 18b+ 
towards nitriles containing electron-withdrawing groups. The electron-withdrawing groups should 
weaken the Rh-O bond and thus increase the tendency towards ß-hydrogen elimination.
Two 4-methyl substituted 2-iridaoxetanes have been synthesized through mono-oxygenation of 
iridium propene complexes by hydrogen peroxide.[8a] The reactivity of these iridaoxetanes towards 
nitriles has, however, not been investigated. 4-Methyl substituted 2-rhodaoxetanes have not been 
synthesized thus far. W e have now synthesized a 4-methyl-2-rhodaoxetane and investigated its 
reactivity.
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3,4-Disubstituted 2-iridaoxetanes have been synthesized before through mono-oxygenation of 
N3-ligand iridium cycloocta-1,5-diene (cod) complexes by hydrogen peroxide or dioxygen (in the 
presence of acid).[8b,9] Mono-oxygenation of N3-ligand rhodium cod complexes by hydrogen 
peroxide resulted in the formation of oxabicyclononadiyl complexes (Scheme 89, A), presumably 
via oxetane intermediates.[10] These rhodium oxabicyclononadiyl complexes were found to 
rearrange to hydroxycyclooctenediyl complexes (Scheme 31, B) upon the addition of acid, 
proposedly via the same 2-rhodaoxetane intermediates. One N3-ligand rhodium cod complex could 
be mono-oxygenated by dioxygen in the presence of acid to a 3,4-substituted 2-rhodaoxetane that 
could be observed by 1H NMR.[8b] In this chapter we report the mono-oxygenation of N4-ligand 
rhodium and iridium cod complexes by hydrogen peroxide.
N ^
B
Scheme 31. Oxabicyclononadiyl and hydroxycyclooctenediyl complexes via 2-rhodaoxetanes.[10
3.2. Synthesis of substituted 2-metallaoxetanes
3.2.1. Oxygenation of a tpa rhodium propene complex by hydrogen peroxide
3+ 21b+
Scheme 32. Synthesis o f 2-rhodaoxetane 21bBPh4.
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Upon addition of hydrogen peroxide to a solution of propene complex 3BPh4, 2-rhodaoxetane 
21bBPh4 is formed (Scheme 32). The 1H  N M R  and 13C N M R spectra of 21bBPh4 show different 
sets of peaks for all three pyridine groups, indicating complete asymmetry. Complex 21bBPh4 is 
asymmetric due to the methyl substituent at the rhodaoxetane ring. The 1H  N M R spectrum shows 
three signals for the rhodaoxetane ring: 5  = 4.93 (s, RhCH2CHCH3), 2.61 and 1.84 (ddd, 
RhCH 2CHCH3) (Table 5Table). The shifts of these signals are comparable to the shifts for the 
earlier reported unsubstituted rhodaoxetane ring in 18b+ (Scheme 30): 5= 4.97 (t, RhCH 2CH2), 2.35 
(dt, RhCH 2CH2) (Table 5Table). From the rhodium coupling on the RhCH2CHCH 3 signals it is 
clear that a 4-methyl-2-rhodaoxetane is formed and not a 3-methyl-2-rhodaoxetane. Also, the 13C 
N M R  signal for RhCH 2CHCH 3 is shown at 5  = 82.7 ppm, indicating that this carbon atom is 
coordinated to an electronegative group, such as an oxygen atom. The RhCH 2CHCH 3 signal in the 
13C N M R spectrum at 5= 10.1 ppm (Table 6 Table ) indicates that the RhCH2CHCH 3 is coordinated 
trans to the amine and not trans to a pyridine group, in analogy with the 2 -rhodaoxetane 18b+.[7] 
Coordination trans to a pyridine group would be expected to resulted in an upfield shift with respect 
to the shift found for 18b+ (5= 1.3 ppm), since a pyridine group is a stronger donor than a tertiary 
amine (see also Chapter 4). The downfield shift we observe can be explained by the effect of the 
methyl substituent on the oxetane ring. The (average) coupling constant 3J(H a,Hß) = 7.2 Hz is 
approximately the same as was found for 18b+ (7.5 Hz), indicating the formation of a four- 
membered ring (Table 5; see also Chapter 4).
Table 5. 1H  NMR chemical shifts (ppm) and coupling constants (Hz) o f the RhCH2CHnX-fragments 
(n = 1, 2; X  =N ,O, m = multiplet).
Compound Solvent 5(RhCH2) 5(CHnX ) 3J(H,H) V(H ,Rh)
2-Rhodaoxetanes
18b+ acetone-d6 2.35 4.97 7.5 2.5
2 1 b+ acetone-d6 1.84/2.61 4.93 7.2/7.2 2.5
29b2+ CD3CN 2.61/3.21 5.32 7.8/7.8 2 . 2
41+ CD2Cl2 2 . 2 1 4.76 7.5 2.4
2-(acetimidoyloxy)ethyl complexes
19b+ CD3CN 3.38 4.26 5.6 2.7
33b2+ CD2Cl2 3.10 4.27 m m
37b2+ CD3CN 3.09/3.26 4.23 m m
42 CD3CN 2.55 3.50 5.0 m
2-(acetylamino)ethyl complexes
2 0 b+ CD3CN 3.47 3.23 5.9 2.4
32b2+ acetone-d6 3.84 3.59 5.8 2 . 2
34b2+ DMSO-d6 3.63 3.36 m m
36b2+ acetone-d6 3.87 3.65 m m
38b2+ CD3CN 3.13/3.64 ± 3.45 m m
40b2+ DMSO-d6 3.34/3.91 3.50 m m
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Table 6. 13C NMR chemical shifts (ppm) and coupling constants (Hz) o f the RhCH2CH„X-fragments 
(n = 1, 2; X  = N, O).
Compound Solvent 5(RhCH2) 5(CHnX) 1J(C,Rh) V(C ,Rh)
2-Rhodaoxetanes
18b+ acetone-d6 1.3 78.8 18.4 4.0
2 1 b+ DMSO-d6 1 0 .1 82.7 19.1 3.5
41+ CD2Cl2 -1.38 80.5 16.5 3.7
2-(acetimidoyloxy)ethyl complexes
19b+ DMSO-d6 28.4 71.8 26.4 -
42 CD3CN 19.5 70.7 25.1 -
2-(acetylamino)ethyl complexes
2 0 b+ DMSO-d6 33.3 41.5 27.7 -
32b2+ DMSO-d6 35.1 42.0 26.4 -
34b2+ DMSO-d6 34.7 42.3 25.4 -
38b2+ CD3CN 42.0 50.1 26.9 -
40b2+ DMSO-d6 43.8 50.1 25.7 -
3.2.2. Mono-oxygenation of rhodium cod complexes by hydrogen peroxide
Earlier reports show that oxygenation of N 3 ligand rhodium cod complexes are mono-oxygenated 
by hydrogen peroxide to a 5:1 mixture of an asymmetric (22+) and a symmetric (24+) 
oxabicyclononadiyl complex (Scheme 33).[10] These oxabicyclononadiyl complexes rearrange to 
hydroxycyclooctenediyl complexes 23+ and 25+ thermally or in the presence of (catalytic amounts 
of) acid. Rearrangement of 22+ to the third rhodaoxetane isomer (Scheme 33, B ) does not appear to 
occur, as the corresponding hydroxycyclooctenediyl complex is not observed.
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n +
n + n +
OH
A
n +
23+
B
Scheme 33. Synthesis o f oxabicyclononadiyl complexes.
To investigate the influence of the presence of a fourth nitrogen donor on the reactivity of the 
cod complexes towards hydrogen peroxide, tpa rhodium cod complex 15+ (Scheme 34) was 
oxygenated in acetonitrile by aqueous hydrogen peroxide. The 1H  N M R spectrum of the product 
indicated the formation of a 1:5 mixture of two complexes. According to 1H  NM R, the major 
product is the asymmetric oxabicyclononadiyl complex (26+). The other product is not the 
symmetric isomer of oxabicyclononadiyl complex 26+, but a 3,4-substituted 2-rhodaoxetane 
(Scheme 34; 27+). The 1H  N M R  spectrum of 27+ shows two vinylic proton signals at 5= 5.65 and 
5.49 ppm (CD 3CN). This indicates that the double bond is not coordinated to the rhodium(III) 
center, since the vinylic proton signal of uncoordinated cod lies at 5= 5.53 ppm (CD 3CN). A  signal 
for RhCHCHO is visible at 5= 4.6 ppm. The ESI-M S spectrum of the mixture of products shows a 
base peak at m/z = 517, corresponding to [(tpa)Rh(cod) + O]+. Since 27+ is only a minor product, its 
complete characterization by N M R  proved difficult. Its decomposition products, however, confirm 
its existence (see below).
+
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n +
27C+
Scheme 34. Oxygenation o f rhodium(I) cod complex 15+ by hydrogen peroxide.
The mechanism we propose for this reaction is shown inScheme 35. Possibly, the isomeric 2- 
rhodaoxetane intermediates A  and C  are initially formed (analogues of the 2 -rhodaoxetanes A  and 
C in Scheme 33).[10,11] Rhodaoxetane A  then undergoes insertion of the remaining cod double bond 
into the Rh-O bond, to give 26+. Rhodaoxetane C, however, contains a double bond coordinated cis 
to the amine, which makes dissociation of the double bond and coordination of the fourth nitrogen 
donor possible. This results in the formation of 27+; the first reported 2-metallaoxetane containing 
an uncoordinated, dangling, double bond. Because this double bond is not coordinated to the 
rhodium center, allylic C-H-activation and subsequent rearrangement to an oxabicyclononadiyl 
complex is not possible for 27+.
The third 2-rhodaoxetane isomer B  (an analogue of isomer B  in Scheme 33) also contains a 
coordinated double bond cis to the amine. It should thus be able to rearrange to a 2-rhodaoxetane 
with an uncoordinated double bond (27B+). At present we cannot exclude that the second product of 
oxygenation of 15+ is 27B+ instead of 27C+. Preliminary calculations, however, indicate that 2- 
rhodaoxetane 27C+ lies lower in energy than the symmetric oxabicyclononadiyl complex, whereas 
2-rhodaoxetane 27B+ lies higher in energy than the asymmetric oxabicyclononadiyl complex 26+.[12]
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A
“ 1+
C
L - n'
I
O
27C+
Scheme 35. Proposed mechanism o f the oxygenation o f complex 15PF6
In an attempt to avoid mixtures of products and isolate a 
single 2 -rhodaoxetane with an uncoordinated double bond, we 
have synthesized the ligand Py3Cn (see illustration), according to 
a literature procedure.[13] This ligand has three extra nitrogen 
donors that can displace the coordinated rhodaoxetane double 
bond. Due to the pre-organization of the tri-azacyclononane ring, 
the three nitrogens of the tri-azacyclononane ring are expected to 
coordinate to the rhodium(I) center. If  this is the case, only one 2- 
rhodaoxetane can be formed, which w ill have its double bond 
coordinated cis to a nitrogen donor linked to a pyridine donor 
that is available for coordination. The attempted synthesis of a 
Py3Cn rhodium(I) cod complex from [(cod)RhCl]2, two 
equivalents of Py3Cn and K PF 6 resulted in a very complex 1H  N M R  spectrum (CD 3CN). Relative 
intensities of the pyridine and cod signals suggested the formation of a dinuclear complex, 
containing one Py3Cn ligand and two cod ligands. The ESI-M S spectrum of the complex, however, 
showed a base peak at m/z = 613, corresponding to [(Py3Cn)Rh(cod)]+. Cooling the CD3CN solution 
to -40°C did not result in a simple 1H  N M R spectrum. Addition of a drop of aqueous hydrogen 
peroxide to the sample resulted in an even more complex spectrum.[14]
PysCn
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3.2.3. Oxygenation of an iridium cod complex by hydrogen peroxide
Oxygenation of iridium cod complex 16+ by hydrogen peroxide resulted in the clean and selective 
formation of 2-iridaoxetane 28+ (Scheme 36). The 13C N M R spectrum of 28PF6 showed an IrCH 
signal at 5 = ca. 1 ppm (see experimental section), indicating that this carbon atom is coordinated 
trans to a strong pyridine donor. The IrCH  13C-NMR signal of the earlier reported 2-iridaoxetane 
[(pla)Ir(C8H 12O)]+, in which the IrCH carbon atom is coordinated trans to the weaker secondary 
amine donor, was found at 5= 10.3 ppm.[15,8b] The 1H  N M R  and 13C N M R signals of CH=CH lie at 
approximately the same shift as in [(pla)Ir(C8H 12O)]+, in which the cod double bond is coordinated 
to the iridium (III) center.[8b] A  N O ESY  N M R experiment showed N O E contacts of IrCH  and OCH 
with one of the coordinated Py-H6 , of one of the CH=CH with the other coordinated Py-H6  and of 
the other CH=CH with one proton each of two inequivalent methylene groups (Scheme 36). This 
indicates that the cod double bond is coordinated to the iridium (III) center and that the iridaoxetane 
isomer in Scheme 36 must have been formed. Formation of this isomer for iridium, in contrast to 
the main isomer formed for rhodium (Scheme 35), is surprising. This could be because of different 
accessibilities of geometric structures for the rhodium(I) and iridium(I) cod complexes.
H2O2
29+
Scheme 36. Oxygenation o f 16PF6 by hydrogen peroxide.
Preliminary calculations indicate that for 2-iridaoxetanes coordination of a C=C bond is 
stronger (relative to pyridine coordination) than for 2-rhodaoxetanes.[12] As expected, iridium has a 
higher preference for a n-acceptor ligand over a G-donor ligand; displacement of the cod double 
bond by the fourth nitrogen donor was observed for 2-rhodaoxetane C, but not for the analogous 2- 
iridaoxetane. This is in accordance with our findings in Chapter 2.
3.3. Elimination reactions
+ 2+3.3.1. Elim ination of acetone from 21b and reactivity of 29b towards dichloromethane
2-Rhodaoxetane 18bPF6 (Scheme 30) was found to eliminate acetaldehyde upon heating at 90°C in 
DM SO or upon protonation in dichloromethane.[7] In both reactions, protonation of the oxetane was 
proposed to be the initial step.[7] 4-Methyl-2-rhodaoxetane 21b+ was expected to react in a similar 
manner and eliminate acetone. When heated at 80°C in DM SO complex 21bBPh4 did indeed
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eliminate acetone, according to 1H  NM R. A  mixture of unidentified rhodium complexes was 
obtained as well. Due to the acid scavenging properties of the tetraphenylborate counterion, proton 
asistence in the observed elimination is considered unlikely.[16] The mechanism probably involves 
initial ß-hydride elimination (Scheme 37), resulting in the formation of an intermediate hydride 
acetylmethyl complex. This then undergoes reductive elimination of acetone. Elimination of 
ketones from 2 -metallaoxetanes or their zwitterionic “ open” analogues has been proposed before as 
a step in the rearrangement of epoxides to ketones.[17]
^  “ | + BPh4-  ^  | + BPh4-
‘n '
I ,O .  80°C  k ^ H  O  O
21b+
Scheme 37. Proposed mechanism o f the elimination o f acetone.
Upon protonation of the non-methylated 2-rhodaoxetane 18b+ (Scheme 30) in acetonitrile, the 
Rh-O bond breaks and a K1-C7-hydroxyethyl complex forms, with acetonitrile occupying the sixth 
coordination site.[7] Protonation of 21b+ in acetonitrile, however, results in the formation of the 
dicationic rhodaoxetane 29b2+ (Scheme 38). The electron-donating properties of the methyl group 
in 21b+ possibly strengthen the Rh-O bond. Also, methyl groups are known to stabilize ring 
structures.[18]
^  - | 2 + (BPh4)- (BArF4)-
N ^ O'H
29b2+
Scheme 38. Protonation o f 2-rhodaoxetane 21b+.
In dichloromethane, complex 21b+ did not eliminate acetone upon protonation by the acid 
[H (OEt2)2]B [C 6H 3(CF3) 2] 4 (H BA rF4), whereas acetaldehyde elimination was observed for 18b+.
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According to 1H  NM R, 2-rhodaoxetane 21b+ is first protonated to 29b2+; this then slowly reacts 
with dichloromethane to a single unidentified product.
The 1H  N M R spectrum of 29b2+ shows that the signals for the rhodaoxetane ring have shifted 
downfield with respect to the corresponding signals of 21b+ (Table 5Table). Earlier, similar 
downfield shifts were found upon protonation of 2-rhodaoxetane 18b+.[7] The slow reaction of 29b2+ 
with dichloromethane resulted in the release of protons and thus the full protonation of the 
counterion BPh4- to benzene and BPh3. The resulting product was soluble in diethyl ether, 
indicating the formation of a neutral species. Its 1H  N M R spectrum showed three signals at 5= 4.09 
(ddq), 3.52 and 3.17(ddd), indicating the presence of a RhCH2CHCH3X  fragment. Both in the 1H 
N M R  and in the 13C N M R spectrum a downfield shift is observed for the RhCH 2CHCH 3 signal, 
whereas an upfield shift is observed for the RhCH 2CHCH 3 signal. The SIM S spectrum of the 
product showed a peak at m/z = 487, corresponding to [(tpa)Rh(C3H 7)(O)(Cl)]+. The isotope pattern 
of this peak corresponds with a species containing rhodium and a chloride. The daughter spectrum 
of this peak showed peaks at m/z = 451 (-Cl), 445 (-CH2CHCH3), 429 (-CH2CHCH 3O), 393 (- 
CH2CHCH3O - HCl) and 300 (-CH2CHCH3O - HCl - CH3Py). Reaction of unsubstituted 2- 
rhodaoxetane 18b+ with NH4Cl was reported to result in the formation of a chloro hydroxyethyl 
complex (see illustration). To check if  such a complex had formed here, N H 4Cl was added to an 
acetone solution of 21b+. The 1H  N M R spectrum in CD2Cl2 of the resulting product showed three 
signals at 5  = 4.36 (m), 3.27 (br.d) and 2.94 (dt), clearly different from the above unidentified 
product. An ESI-M S exact mass determination was in accordance with the formation of a rhodium 
chloro 2-hydroxypropyl complex. Apparently, such a complex had 
not formed in the reaction of 29b2+ with dichloromethane. The 1H 
N M R  methyl signals of the rhodium chloro 2-hydroxypropyl complex 
and of the unknown product have similar shifts (5  = 1.60 and 1.77 
ppm, respectively), whereas rather different shifts are observed for 
the 2-rhodaoxetanes 21b+ and 29b2+ (5  = 0.89 and 1.20 ppm, 
respectively). This indicates that the product of the reaction of 29b2+ 
with dichloromethane is not a 2-rhodaoxetane. The nature of this 
product remains unclear.
3.3.2. Elim ination of 4-cycloocten-1-one from 27+
Rhodium oxabicyclononadiyl complexes have been reported to rearrange to 
hydroxycyclooctenediyl complexes upon heating.[10] Heating a CD3CN solution of the 5:1 mixture 
of 26+ and 27+ at 50°C for 6  hours resulted in the formation of a mixture of unidentified complexes 
and a small amount of 4-cycloocten-1-one, according to 1H  N M R and 13C NM R. The amount of 4- 
cycloocten-1-one formed roughly corresponded to the amount of 27+ in the starting mixture. We 
propose the elimination of 4-cycloocten-1-one from 27+ (Scheme 39) via a mechanism similar to 
that proposed for elimination of acetone from 21b+ (Scheme 37).
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27+
Scheme 39. Elimination o f 4-cycloocten-1-one from 27+.
Several synthesis routes to 4-cycloocten-1-one from cyclooctadiene have been reported.[19] 
Yields are often low and most of the time several steps are required. Catalytic oxygenation of cod to
4-cycloocten-1-one has not been reported yet. BASF, however, has patented the catalytic 
dehydration of cyclooctane-1-ol-5-one to 4-cycloocten-1-one.[20] Possibly, the use of a different 
ligand could steer the mono-oxygenation towards a higher yield of 2-rhodaoxetanes with an 
uncoordinated double bond, resulting in a higher yield of 4-cycloocten-1-one.
50°C
CD 3CN
48 h.
28+ 30+
Scheme 40. Rearrangement o f 28+ to 30+.
Heating of a solution of 2-iridaoxetane 28+ in CD3CN at 50°C for 48 hours did not result in the 
formation of 4-cycloocten-1-one. Instead, hydroxycyclooctenediyl complex 30+ was formed 
(Scheme 40). Because the double bond in 28+ is still coordinated to the metal center, transfer of an 
allylic proton to the 2-iridaoxetane oxygen could occur and lead to the formation of 30+. Formation 
of hydroxycyclooctenediyl complexes from 2-iridaoxetanes has been reported before.[8b]
+ +
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3.4. Reactivity of 2-metallaoxetanes towards nitriles
3.4.1. Reactivity of unsubstituted 2-rhodaoxetane 18b+ towards nitriles
“ 12 +
R
O
A
31tf+
33b2+
35b2+
R = Me 
R = p-Cg^CH
R = CgH
R = p-CgH4CF3
Scheme 41. Reaction o f protonated 18b+ with different nitriles.
32b2+
34b2+
36b2+
3
To investigate the influence of electron-withdrawing groups on the reactivity of the resulting 
products, p -tolunitrile, benzonitrile and p -trifluoromethylbenzonitrile were reacted with protonated 
18b+. Since benzonitrile is a liquid, the reaction of protonated 18b+ with benzonitrile could be 
performed with benzonitrile as the solvent, just as was done earlier for acetonitrile.[7] After stirring 
the solution of protonated 18b+ in benzonitrile for 4 hours, 2-(benzimidoyloxy)ethyl complex 33b2+ 
was obtained (Scheme 41). Whereas 2-(acetimidoyloxy)ethyl complex 19b2+ (the C-O coupled 
product) needed heating at 65°C before rearrangement to 2-(acetylamino)ethyl complex 20b2+ (the 
C-N coupled product) took place, complex 33b2+ rearranged to the C-N coupled product 34b2+ in 
CD2Cl2 solution at room temperature. Possibly, the electron-withdrawing phenyl group promotes 
the formation of an imidate ethene complex, proposed as intermediate in the rearrangement of 19b+ 
to 20b+ (Scheme 42).[7] Certainly, the replacement of the methyl group of 19b+ by the phenyl group 
of 2 0 b+ would make the imidate a better leaving group.
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Scheme 42. Mechanism proposed for the rearrangement o f 19b2+ to 20b2 .[7
Reaction of p-tolunitrile or p-trifluoromethylbenzonitrile with 18b+ was more difficult, since 
these nitriles are solids at room temprature. Dichloromethane was chosen as a solvent, because it is 
non-coordinating. Protonated 18b+, however, decomposes in dichloromethane. This is why we 
found that addition of 1 equivalent of nitrile to a solution of protonated 18b+ led to mixtures of 
unidentified rhodium complexes. Addition of a large excess (1000 equivalents) of nitrile at 65°C 
did result in the direct formation of complexes 32b2+ and 36b2+, although in very low yield. 
Isolation was difficult due to the dominance of the nitrile in the reaction mixture. The intermediate 
C-O coupled complexes 31b2+ and 35b2+ were not isolated.
3.4.2. Reactivity of 4-methyl-2-rhodaoxetane 21b+ towards nitriles
Protonation of 21b+ in acetonitrile solution at room temperature by N H 4BPh 4 resulted in the 
formation of a mixture of 2-(acetimidoyloxy)propyl complex 37b2+ and 2-(acetylamino)propyl 
complex 38b2+ within 2 hours (Scheme 43). Heating the reaction mixture to 50°C for 3 hours or 
letting it stand at room temperature for a few days resulted in complete rearrangement to 38b2+. 
Apparently rearrangement of methyl substituted 37b2+ to 38b2+ is faster than rearrangement of 
unsubstituted 19b2+ to 20b2+. The electron-donating ability of the methyl group on the ß-carbon 
atom probably stabilizes the intermediate imidate alkene complex (Scheme 42). Although propene 
coordination to the metal center should be weaker than ethene coordination (see also chapter 2 ), the 
positive charge in the ionic intermediate is probably stabilized by the methyl group. Protonation of 
21b+ by H BA rF4 instead of NH 4BPh 4 results in the same reactivity. Reaction of protonated 21b+
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with benzonitrile resulted in the formation of 2-(benzoylamino)propyl complex 40b2+ after stirring 
for 4 days at room temperature. The intermediate 2-(benzimidoyloxy)propyl complex 39b2+ was not 
isolated or characterized.
21b+ 37b2+ R = Me 38b2+ 
39b2+ R = CgH 40b2+
Scheme 43. Reaction o f 21b+ with nitriles.
3.4.3. Reactivity of 49+ towards acetonitrile
Synthesis of 2-rhodaoxetane 41BPh4 (Scheme 44) through oxygenation of 
[(Mebpa)Rh(ethene)]BPh4 by hydrogen peroxide in acetonitrile solution has been described 
before.[21,7b] Rhodium ethene complexes stabilized by N 3 ligands were found to be more reactive 
than rhodium ethene complexes stabilized by N 4 ligands. 2-Rhodaoxetanes stabilized by an N 3 
ligand and a fourth labile acetonitrile ligand were found to eliminate acetaldehyde in 
dichloromethane solution at room temperature.[7] W e now report the reactivity of protonated 
41BPh4 towards acetonitrile.
Protonation of 41+ in acetonitrile solution at room temperature by NH 4BPh 4 resulted in the 
formation of a single product (422+). This product was stable in acetonitrile at temperatures up to 
70°C. No rearrangement took place at this temperature. The 13C N M R spectrum of 42(BPh4)2, 
however, showed a signal for a RhCH 2CH 2 carbon atom at 5= 70.7 ppm, indicating the presence of 
a RhCH2CH2O fragment. The ESI-M S spectrum of 42(BPh4)2 shows a base peak at m/z = 221.5 
with the isotope pattern of a dication, in accordance with the formation of 
[(Mebpa)Rh(C2H 4OC(CH 3)N H )(CH 3CN)]2+.
W e propose complex 422+ to be the C-O coupled 2-(acetimidoyloxy)ethyl complex shown in 
Scheme 44. This complex contains a weak acetonitrile donor ligand trans to the Rh-imine bond, 
whereas C-O coupled complexes 19b2+, 31b2+, 33b2+, 35b2+, 37b2+ and 39b2+ contain a strong 
pyridine donor in this position. For complex 42b2+, the Rh-secondary amine bond in the proposed 
intermediate en route to the C-N coupled product (Scheme 42) w ill be stronger, making this 
rearrangement more difficult. Possibly rearrangement could take place at higher temperatures than 
70°C.
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NH4BPh4
CH3CN
- | 2 +
NH
41+ 422+
Scheme 44. Reactivity o f complex 41BPh4 towards acetonitrile.
3.4.4. ß-Elimination
Unfortunately, none of the C-N coupled reaction products obtained through reaction of 2- 
rhodaoxetanes with nitriles undergoes ß-hydrogen elimination in solution at room temperature.
in Scheme 45: 5 = 10.66 (br.d, V (H ,H ) = 9.4 Hz, NH), 8.12 (d, V (H ,H ) = 8.5 Hz, Ar-H), 7.97 (d, 
V (H ,H ) = 8.3 Hz, Ar-H), 4.98 (d, V (H ,H ) = 16.0 Hz, NCHCH 2) and 4.52 (d, V (H ,H ) = 8.9 Hz, 
NCHCH2) ppm.
Scheme 45. ß-Elimination o f 36b2 .
In principle ß-hydrogen elimination could lead to catalytic amide synthesis from an olefin, 
hydrogen peroxide and a nitrile (Scheme 46). The temperature required for the essential ß-hydrogen 
elimination step is, however, rather high. Moreover, hydrogen peroxide would probably react more 
quickly than ethene with the coordinatively unsaturated rhodium complex that results after
Complexes 32b2+ and 34b2+ are both stable in DM SO solution at 80°C for at least one hour. 
Complex 36b2+, however, decomposes at 80°C in DMSO, indicating that the electron-withdrawing 
p-trifluoromethyl group has indeed made complex 36b2+ more reactive than complexes 20b2+, 32b2+ 
and 34b2+. The 1H  N M R spectrum of the decomposition mixture shows signals due to unidentified 
rhodium complexes and signals that are probably due to the ß-hydrogen elimination product shown
H
O ^ N ^ j S ’
3
+ mixture of 
rhodium complexes
36b2+
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reductive elimination of the amide. Another problem would be the presence of acid, which could 
lead to protonation of the rhodium(I) olefin complex to an alkyl complex.
H+ + RA NH
N
N Rh OV)
“ I2
R'
N H 
R
H+ +  R'CN
Scheme 46. Possible catalytic synthesis o f functionalized amides?
In DMSO-d6  at 80°C, complex 38b2+ does not show noticeable decomposition after 3 hours. 
Complex 40b2+ has decomposed detectably, however, after 1 hour. The 1H  N M R  of the resulting 
solution shows signals, which we tentatively assign to the ß-elimination product shown in Scheme 
47, at 5= 5.55, 4.46 (both s, 1H, NC(CH 3)=CH2) and 1.96 (d, 3H, N C (C # 3)=CH2). Apparently, the 
methyl substituent facilitates ß-hydrogen elimination.
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- I 2+
80°C
DMSO
r . mixture of 
rhodium complexes
Scheme 47. ß-Elimination o f 40b2+.
3.5. Conclusions
We have synthesized substituted 2-rhodaoxetanes and 2-iridaoxetanes through oxygenation of 
rhodium and iridium propene and cod fragments by hydrogen peroxide. 4-Methyl-2-rhodaoxetane 
2 1 b+ was found to eliminate acetone upon heating in DMSO. Stabilization of rhodium cod 
fragments by an N 4 ligand instead of an N 3 ligand changes the reactivity towards hydrogen 
peroxide. The fourth nitrogen donor is able to coordinate to the rhodium(III) center of one of the 
isomeric 2-rhodaoxetane intermediates formed and displace the remaining cod double bond. This 
results in the formation of a substituted 2 -rhodaoxetane containing an uncoordinated cod double 
bond. Heating of this 2-rhodaoxetane results in the formation of 4-cycloocten-1-one. In the 
analogous N4-ligand 2-iridaoxetane, the double bond is not displaced and remains coordinated to 
the metal center.
At room temperature, protonated 2-rhodaoxetane 18b+ reacts with nitriles containing electron- 
withdrawing groups. The nature of the electron-withdrawing group influences the reactivity of the 
reaction products. Whereas C-N coupled products 20b2+, 32b2+ and 34b2+ are stable upon heating in 
DMSO, complex 36b2+, containing a p-trifluoromethylphenyl group, undergoes ß-hydrogen 
elimination under these conditions. High temperatures are still necessary for the ß-hydrogen 
elimination to take place. Rearrangement of the intermediate C-O coupled complexes to final C-N 
coupled products is facilitated by more electron-withdrawing groups.
The protonated 2-oxypropyl complex 29b2+ reacts with nitriles in the same manner as its 2- 
oxyethyl analogue. The thus formed C-O coupled complex 37b2+, however, rearranges to C-N 
coupled complex 38b2+ much faster than its non-methylated analogue 19b2+. 2- 
(Benzoylamino)propyl complex 40b2+ is also more reactive than its 2-(benzoylamino)ethyl 
analogue. The former appears to give ß-elimination, whereas the latter complex is stable upon 
heating in DMSO.
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3.7. Experimental section
3.7.1. General methods
All procedures were performed under a nitrogen atmosphere using standard Schlenck techniques, unless indicated 
otherwise. Solvents (p.a.) were deoxygenated by bubbling through a stream of nitrogen.
NMR experiments were carried out on a Bruker DPX200, a Bruker AC300, a Bruker WM400 and a Bruker AM-500. 
Solvent shift references for 1H NMR are: CD2Cl2 5(1H) = 5.31 ppm, CD3CN 5(1H) = 1.94 ppm and acetone-d6 5(1H) = 
2.05 ppm. Solvent shift references for 13C NMR are: CD3CN 5(13C) = 118.1 ppm and acetone-d6 5(13C) = 206.18 ppm. 
Abbreviations used are: s = singlet, d = doublet, dd = double doublet, t = triplet, dt = double triplet, q = quartet, qq = 
quartet of quartets, m = multiplet, dm = double multiplet, br. = broad. Mass spectra (ESI) were recorded on a Finnigan 
MAT 900S and a Finnigan TSQ 7000 mass spectrometer. Infrared spectra were measured on a Perkin-Elmer 1720X 
spectrometer.
Compounds [(CH2CH2)2RhCl]2,[22] tpa,[23] Metpa,[24] [(Metpa)Rh(CH2CH2)]BPh4/PF6,[7] [(tpa)Rh(CH2CH2)]BPh4/PF6,[7] 
[(Mebpa)Rh(CH2CH2ü-K2C10)]BPh4[21] and [H(OEt2)2]B[CsH3(CF3)2]4 (HBArF4)[25] were prepared according to 
literature procedures. All other chemicals were obtained commercially and were used without further purification.
3.7.2. Synthesis
(2-Oxypropyl-K2C1,0)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium (nr)-tetraphenylborate (21bBPh4): To
a solution of 3BPh4 (100 mg,.13 mmol) in acetone (6 ml) were added 10 drops of a 35% aqueous solution of H2O2 at 
room temperature. The reaction mixture was stirred for 2 hours and diethyl ether was added to precipitate the product. 
The product was filtered off and dried in vacuo. Yield: 73 mg (73%); 1H-NMR (400 MHz, acetone-d6, 300 K): 5 9.01 
(d, 1H, 3J(H,H) = 5.5 Hz, Py-H6); 8.92 (d, 1H, 3J(H,H) = 5.5 Hz, Py-H6); 8.69 (d, 1H, 3J(H,H) = 5.7 Hz, Py-H6); 7.94 
(t, 2H, 3J(H,H) = 7.7 Hz, Pyb-H4); 7.62 (m, 3H, Pya-H4 and Pyb-H3); 7.49 (m, 2H, Pyb-H5); 7.34 (m, 8H, BAr-H2); 
7.28 (t, 1H, 3J(H,H) = 6.6 Hz, Pya-H5); 7.16 (d, 1H, 3J(H,H) = 7.8 Hz, Pya-H3); 6.92 (t, 8H, 3J(H,H) = 7.4 Hz, BAr- 
H3); 6.77 (t, 4H, 3J(H,H) = 7.1 Hz, BAr-H4); 5.41 (d[AB], 1H, 2J(H,H) = 15.6 Hz, NCH2Pyb); 5.33 (d[AB], 1H, 
2J(H,H) = 15.2 Hz, NCH2Pyb); 5.08 (d[AB], 1H, 2J(H,H) = 15.4 Hz, NCH2Pyb); 5.05 (d[AB], 1H, 2J(H,H) = 15.4 Hz, 
NCH2Pyb); 4.95 (s, 2H, NCH2Pya); 4.93 (m, 1H, CH2CHCH3); 2.61 (ddd, 1H, 3J(H,H) = 7.2 Hz, 2J(H,H) = 5.9 Hz, 
2J(H,Rh) = 2.5 Hz, CH2CHCH3); 1.84 (ddd, 1H, 3J(H,H) = 7.2 Hz, 2J(H,H) = 5.9 Hz, 2J(H,Rh) = 2.5 Hz, CH2CHCH3); 
0.89 (d, 3H, 3J(H,H) = 6.1 Hz, CH2CHCH3) ppm; 13C-NMR (125 MHz, DMSO-d6, 300 K): 5=  164.5 (d, 2J(C,B) = 1.0 
Hz, Py-C2); 164.3 (d, 2J(C,B) = 0.7 Hz, Py-C2); 163.3 (q, lJ  (C,B) = 49.4 Hz, BAr-C1); 161.7 (Py-C2); 151.2 (Py-C6);
150.7 (Py-C6); 150.0 (Py-C6); 138.6 (Py-C4); 138.4 (Py-C4); 137.5 (Py-C4); 135.4 (q, 2J(C,B) = 1.4 Hz, BAr-C2);
125.2 (q, 3J(C,B) = 2.8 Hz, BAr-C3); 125.0 (Pyß-C5/3); 124.2 (d, 3J(H,H) = 1.4 Hz, Pya-C5/3); 123.8 (Pyß-C3/5); 121.5 
(Pya-C3/5); 121.4 (BAr-C4); 82.7 (d, 2J(C,Rh) = 3.5 Hz, RhCH2CH(CH3)O); 66.0 (NCH2Py); 65.8 (NCH2Py); 63.6 
(NCH2Py); 29.7 (RhCH2CH(CH3)O); 10.1 (d, J(C,Rh) = 19.1 Hz, RhCH2CH(CH3)O) ppm; ESI-MS (CH3CN): 451 
[M-BPh4]+, 393 [M-(CH3)2CO-BPh4]+.
(9-Oxabicyclo[4.2.1]nona-2,5-diyl)-(W-(2-pyridylmethyl)-N,N-di(2-pyridylmethyl-KN)amine-KN)-rhodium(nr)- 
hexafluorophosphate (26PF6): To a solution of 15PF6 (194mg, 0.30 mmol) in CH3CN (5 ml) at room temperature 
were added 10 drops of a 35% aqueous solution of H2O2. The reaction mixture was stirred for 10 minutes, after which a 
yellow solid was precipitated with diethyl ether. The product was filtered off and dried in vacuo. A 5:1 mixture of two 
products was obtained. Yield: 113 mg (57%); The data of the major product (26BPh4) are: 'H NMR (400 MHz, CD3CN, 
297 K): 5=  9.06 (d, 1H, 3J(H,H) = 5.0 Hz, Py-H6), 8.72 (dd, 1H, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.1 Hz, Py-H6), 8.31 (d, 
1H, 3J(H,H) = 5.0 Hz, Py-H6), 7.85 (dt, 1H, 3J(H,H) = 7.6 Hz, 4J(H,H) = 1.9 Hz, Py-H4), 7.77 (dt, 1H, 3J(H,H) = 7.6 
Hz, 4J(H,H) = 1.5 Hz, Py-H4), 7.58 (m, 3H, Py-H4 and PyH3), 7.42 (m, 2H, Py-H5), 7.27 (d, 2H, 3J(H,H) = 7.8 Hz, Py-
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H3), 7.17 (d, 1H, 3J(H,H) = 7.8 Hz, Py-H3), 7.07 (t, 1H, 3J(H,H) = 6.4 Hz, Py-H5), 6.22 (t, 1H, 3J(H,H) = 8.1 Hz, 
OCH), 5.94 (m, 1H, OCH), 5.00 (d[AB], 1H, 2J(H,H) = 14.0 Hz, NCH2Py), 4.94 (d[AB], 1H, 2J(H,H) = 15.7 Hz, 
NCH2Py), 4.86 (d[AB], 1H, 2J(H,H) = 16.8 Hz, NCH2Py), 4.76 (d[AB], 1H, 2J(H,H) = 14.0 Hz, NCH2Py), 4.38 (d[AB], 
1H, 2J(H,H) = 16.2 Hz, NCH2Py), 3.86 (d[AB], 1H, 2J(H,H) = 16.8 Hz, NCH2Py), 3.34 (dt, 1H, 3J(H,H) = 7.4 Hz, 
2J(H,Rh) = 3.2 Hz, RhCH), 3.01 (m, 1H, RhCH), 2.22 (m, 4H, RhCHCH2-exo/OCHCH2-exo), 1.8-1.4 (m, 4H, 
RhCHCH2-endo/OCHCH2-endo) ppm; ESI-MS (Mixture 26PFe/27PF6; CH3CN): 517 [M-PF6]+, 393 [M-C8H12O-PF6]+, 
300 [M-C8H!2O-CHsPy-PF6]+.
(2-Oxycyclooct-5-ene-1-yl)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^)-rhodium(nI)-hexafluorophosphate 
(27PF6): This complex was the minor product obtained by the same procedure as 26BPh4. 'H  NMR (400 MHz, CD3CN, 
297 K): 5 =  8.91 (d, 1H, 3J(H,H) = 4.5 Hz, Py-H6), 8.82 (d, 1H, 3J(H,H) = 5.6 Hz, Py-H6), 8.78 (d, 1H, 3J(H,H) = 5.0 
Hz, Py-H6), 7.93 (t, 1H, 3J(H,H) = 7.8 Hz, Py-H4), 7.81 (m, 1H, Py-H4), 7.67 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.7 
Hz, Py-H4), 7.14 (d, 1H, 3J(H,H) = 7.8 Hz, Py-H5), 5.65 (dt, 1H, 3J(H,H) = 10.4 Hz, 3J(H,H) = 6.6 Hz, CH=CH), 5.49 
(m, 1H, CH=CH), 4.65 (m, 1H, OCH) ppm. (The other signals are obscured by the signals of 26PF6).
(2-Oxycyclooct-5-ene-1-yl)-(N,N,N-tri(2-pyridylmethyl-KN)amme-KN)-iridium(nr)-hexafluorophosphate (28PF6):
To a solution of 16PF6 in CD3CN was added a drop of a 35% aqueous solution of H2O2 at room temperature. Complex 
28PF6 was obtained in >95% yield according to 'H NMR. 'H  NMR (400 MHz, CD3CN, 302 K): 5  = 9.53 (d, 1H, 
3J(H,H) = 5.1 Hz, Py-H6), 8.68 (dd, 1H, 3J(H,H) = 4.7 Hz, 4J(H,H) = 0.8 Hz, Py-H6), 8.55 (d, 1H, 3J(H,H) = 5.3 Hz, 
Py-H6), 7.94 (dt, 1H, 3J(H,H) = 8.3 Hz, 4J(H,H) = 1.4 Hz, Py-H4), 7.92 (dt, 1H, 3J(H,H) = 8.4 Hz, 4J(H,H) = 1.5 Hz, 
Py-H4), 7.78 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.5 Hz, Py-H4), 7.63 (m, 2H, Py-H3/5), 7.48 (m, 2H, Py-H3/5), 7.38 
(t, 1H, 3J(H,H) = 6.5 Hz, Py-H5), 7.34 (d, 1H, 3J(H,H) = 8.0 Hz, Py-H3), 6.16 (t, 1H, 3J(H,H) = 7.6 Hz, OCH), 5.88 (dt, 
1H, 3J(H,H) = 8.6 Hz, J(H,Rh) = 3.3 Hz, CH=CH), 5.18 (t, 1H, 3J(H,H) = 7.3 Hz, CH=CH), 4.92 (d[AB], 1H, 2J(H,H) =
17.4 Hz, NCH2Py), 4.88 (d[AB], 1H, 2J(H,H) = 13.9 Hz, NCH2Py), 4.65 (d[AB], 1H, 2J(H,H) = 13.5 Hz, NCH2Py), 
4.52 (d[AB], 1H, 2J(H,H) = 16.4 Hz, NCH2Py), 4.23 (d[AB], 1H, 2J(H,H) = 16.4 Hz, NCH2Py), 3.87 (d[AB], 1H, 
2J(H,H) = 17.2 Hz, NCH2Py), 2.76 (m, 1H, IrCHCH2CH2), 2.53 (t, 1H, 3J(H,H) = 6.6 Hz, IrCH), 2.28 (m, 1H, 
OCHCH2CH2), 2.22 (m, 1H, OCHCH2CH2), 1.99 (m, 3H, IrCHCH2, OCHCH2 and IrCHCH2CH2), 1.68 (m, 1H, 
OCHCH2), 1.01 (m, 1H, IrCHCH2) ppm; 13C-NMR (100 MHz, CD3CN, 302 K): 5  = 161.1 (Py-C2), 158.8 (Py-C2),
153.4 (Py-C2), 150.3 (Py-C6), 147.9 (Py-C6), 146.1(Py-C6), 140.0 (Py-C4), 139.5 (Py-C4), 138.0 (py-C4), 127.4 (Py- 
C3/5), 126.1 (Py-C3/5), 125.0 (Py-C3/5), 124.7 (Py-C3/5), 123.5 (Py-C3/5), 122.4 (Py-C3/5), 92.0 (CH=CH), 90.6 
(OCH), 84.2 (CH=CH), 69.9 (NCH2Py), 68.9 (NCH2Py), 68.1 (NCH2Py), 35.1 (IrCHCH2), 28.2 (IrCHCH2CH2), 25.7 
(OCHCH2), 20.9 (OCHCH2CH2) ppm; (The signal for IrCH is obscured by the solvent signal at approximately 1 ppm, 
according to a C-H-correlation spectrum); ESI-MS (CH3CN): 607 [M-PF6]+, 483 [M-C8H 12O-PF6]+, 481 [M-C8H12O- 
H2-PF6]+, 392 [M-C8Hj2O-CH2Py-PF6]+, 390 [ M ^ H ^ O - C ^ P y - ^ ^ f ;  Calculated for C26H30IrN,O: 607.20524, 
found: 607.20330 (A = 3.2 ppm).
(1,4,5,6-n4-(2-Hydroxy-cycloocta-4-ene-1,6-di-yl))-( ^-(2-pyridylmethyl)-^,^-di(2-pyridylmethyl-K^)amine-K^)- 
iridium(III)-hexafluorophosphate (30PF6): A solution of 28PF6 was heated at 50°C for 48 hours. Complex 30PF6 was 
formed in > 85% yield, according to 'H NMR. 'H-NMR (400 MHz, CD3CN, 302 K): 5=  9.33 (d, 1H, 3J(H,H) = 5.7 Hz, 
Py-H6), 8.75 (d, 1H, 3J(H,H) = 4.5 Hz, Py-H6), 8.07 (d, 1H, 3J(H,H) = 5.5 Hz, Py-H6), 7.93 (dt, 1H, 3J(H,H) = 7.6 Hz, 
4J(H,H) = 2.1 Hz, Py-H4), 7.69 (d, 1H, 3J(H,H) = 7.6 Hz, Py-H3), 7.66 (dt, 1H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.4 Hz, Py- 
H4), 7.59 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.5 Hz, Py-H4), 7.50 (m, 1H, Py-H3), 7.23 (d, 1H, 3J(H,H) = 7.8 Hz, Py- 
H3), 7.11 (m, 2H, Py-H5), 7.03 (t, 1H, 3J(H,H) = 6.6 Hz, Py-H5), 5.39 (d, 1H, 2J(H,H) = 13.5 Hz, NCH2Py), 5.25 (d, 
1H, 2J(H,H) = 13.7 Hz, NCH2Py), 5.07 (d, 1H, 2J(H,H) = 16.8 Hz, NCH2Py), 4.89 (d, 1H, 2J(H,H) = 16.4 Hz, NCH2Py), 
4.84 (m, 1H, allyl), 4.55 (d, 1H, 2J(H,H) = 16.8 Hz, NCH2Py), 4.53 (m, 1H, allyl), 4.46 (t, 1H, 3J(H,H) = 7.1 Hz, allyl), 
4.27 (d, 1H, 2J(H,H) = 16.0 Hz, NCH2Py), 3.49 (br.d, 1H, 3J(H,H) = 3.7 Hz, CHOH), 2.48 (d, 1H, 3J(H,H) = 8.6 Hz, 
IrCH), 2.39 (m, 1H, CH2-exo), 2.1 (m, 1H, CH2-exo), 1.89 (ddd, 1H, 3J(H,H) = 8.8 Hz, 3J(H,H) = 2.4 Hz, 2J(H,H) =
14.4 Hz, CH2-exo), 1.23 (m, 1H, CH2-endo), 1.14 (m, 1H, CH2-endo), 0.98 (dd, 1H, 3J(H,H) = 8.2 Hz, 2J(H,H) = 13.9 
Hz, CH2-endo) ppm; 13C{'H} NMR (75 MHz, CD3CN, 300 K): 5 =  161.1 (Py-C2), 159.3 (Py-C2), 155.5 (Py-C2/6),
154.8 (Py-C2/6), 150.3 (Py-C6), 148.0 (Py-C6), 138.7 (Py-C4), 138.6 (Py-C4), 137.9 (Py-C4), 126.8 (Py-C3/5), 125.7
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(Py-C3/5), 124.6 (Py-C3/5), 124.3 (Py-C3/5), 122.8 (Py-C3/5), 122.7 (Py-C3/5), 91.9 (COH), 88.3 (allyl), 75.1 
(NCH2Py), 71.5 (NCH2Py), 69.1 (NCH2Py), 55.8 (allyl), 53.3 (allyl), 40.6 (CH2), 35.2 (CH2), 33.2 (IrCH), 27.3 (CH2) 
ppm; ESI-MS (CH3CN): 607 [M-PF6]+; Calculated for C26H30IrN4O: 607.20524, found: 607.20531 (A = -0.1 ppm).
(2-Hydroxypropyl-K2CJ,0)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium (In)-tetraphenylborate-tetra(3,5- 
di(trifluoromethyl)phenyl)borate (29b(BPh4)(BArF4)): To a solution of 21bBPh4 (18 mg, 23 |amol) in CD3CN (1 ml) 
was added HBArF4 (25 mg, 25 |amol). The product was obtained in >85% yield according to 'H  NMR. 'H-NMR (400 
MHz, CD3CN, 302 K): 5=  8.86 (d, 1H, 3J(H,H) = 5.3 Hz, Py-H6), 8.76 (d, 1H, 3J(H,H) = 5.7 Hz, Py-H6), 8.47 (d, 1H, 
3J(H,H) = 6.1 Hz, Py-H6), 7.99 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.4 Hz, Py-H4), 7.98 (dt, 2H, 3J(H,H) = 7.8 Hz, 
4J(H,H) = 1.4 Hz, Py-H4), 7.90 (m, 1H, Py-H4), 7.71 (m, 8H, BArF-H2), 7.67 (s, 4H, BArF-H4), 7.7-7.5 (m, 4H, Pyb-H3 
and Pyb-H5), 7.31 (m, 8H, BAr-H2), 7.23 (m, 1H, Pya-H5), 7.09 (br.d, 1H, 3J(H,H) = 8.0 Hz, Pya-H3), 7.00 (t, 8H, 
3J(H,H) = 7.5 Hz, BAr-H3), 6.85 (t, 4H, 3J(H,H) = 7.2 Hz, BAr-H4), 5.52 (m, 1H, RhCH2CHCH3), 5.09 (s, 2H, 
NCH2Py), 5.04 (s, 2H, NCH2Py), 4.78 (main peak of AB-pattern, 1H, NCH2Py), 4.77 (s, 1H, NCH2Py), 3.21 (dt, 1H, 
3J(H,H) = 7.7 Hz, 2J(H,Rh) = 2.1 Hz, RhCH2CHCH3), 2.61 (dt, 1H, 3J(H,H) = 7.9 Hz, 2J(H,Rh) = 2.3 Hz, 
RhCH2CHCH3), 1.20 (d, 3H, 3J(H,H) = 6.5 Hz, RhCH2CHCH3) ppm.
Reaction of 29b(BPh4)(BarF4) with dichloromethane: To a solution of 21bBPh4 (21.8 mg, 28.3 |amol) in CD2Cl2 (1.5 
ml) was added HBArF4 (31.5 mg, 31.1 |amol). The reaction mixture was stired at room temperature for 3 days. The 
product was obtained in >85% yield according to 'H  NMR. 'H  NMR (400 MHz, CD2Cl2, 302 K): 5  = 8.61 (d, 1H, 
3J(H,H) = 5.5 Hz, Py-H6), 8.51 (d, 1H, 3J(H,H) = 5.7 Hz, Py-H6), 8.39 (d, 1H, 3J(H,H) = 5.3 Hz, Py-H6), 7.74 (m, 9H, 
BArF4-H2 and Py-H4), 7.63 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.4 Hz, Py-H4), 7.56 (br.s, 4H, BArF4-H4), 7.5-7.1 (m, 
6H, Py-H3, Py-H5 and Py-H4), 7.05 (d, 1H, 3J(H,H) = 8.0 Hz, Py-H5), 4.83 (d[AB], 1H, 2J(H,H) = 14.7 Hz, NCH2Pyb),
4.81 (d[AB], 1H, 2J(H,H) = 15.1 Hz, NCH2Pyb), 4.81 (s, 2H, NCH2Pya), 4.09 (ddq, 1H, 3J(H,H) = 5.7 Hz, 3J(H,H) =
12.2 Hz, 3J(H,H) = 2.6 Hz, RhCH2CHCH3), 3.52 (ddd, 1H, 3J(H,H) = 2.5 Hz, 2J(H,H) = 10.0 Hz, 2J(H,Rh) = 2.5 Hz, 
RhCH2CHCH3), 3.17 (ddd, 1H, 3J(H,H) = 11.0 Hz, 2J(H,H) = 10.5 Hz, 2J(H,Rh) = 2.4 Hz, RhCH2CHCH3), 1.77 (d, 3H, 
3J(H,H) = 6.1 Hz, RhCH2CHCH3) ppm; 13C-NMR (75 MHz, CD2Cl2, 300 K): 5=  164.0 (d, 2J(C,Rh) = 1.2 Hz, Py-C2),
163.9 (d, 2J(C,Rh) = 0.9 Hz, Py-C2), 162.5 (d, 2J(C,Rh) = 0.9 Hz, Py-C2), 162.1 (q, J(C ,B) = 49.8 Hz, BArF4-C1),
150.9 (Py-C6), 150.5 (Py-C6), 150.1 (Py-C6), 139.7 (Py-C4), 139.7 (Py-C4), 138.9 (Py-C4), 135.2 (m, BArF4-C2), 
129.3 (qq, 2J(C,F) = 31.6 Hz, 3J(C,B) = 2.9 Hz, BArF-C3), 126.2 (d, 3J(H,H) = 1.2 Hz, Py-C3/5), 125.7 (d, 3J(H,H) =
1.4 Hz, Py-C3/5), 125.6 (d, 3J(H,H) = 1.2 Hz, Py-C3/5), 125.0 (q, J(C ,F) = 272.5 Hz, BArF-CF3), 124.1 (d, 3J(H,H) = 
0.9 Hz, Py-C3/5), 123.8 (d, 3J(H,H) = 0.9 Hz, Py-C3/5), 122.1 (d, 3J(H,H) = 0.9 Hz, Py-C5), 117.9 (m, BArF4-C4), 68.6 
(d, 2J(C,Rh) = 0.9 Hz, RhCH2CHCH3), 66.8 (NCH2Py), 66.7 (NCH2Py), 65.3 (NCH2Py), 44.0 (d, J(C,Rh) = 27.7 Hz, 
RhCH2CHCH3), 25.2 (RhCH2CHCH3) ppm; SIMS-MS(m-NOBA/CH2Cl2): 487 [M+H]+, 451 [M-Cl+H]+, 445 [M- 
C3H6+H]+, 429 [M-C3H6O+H]+, 393 [M-C3H6O-Cl]+.
(2-(p-Methylbenzoylamino)ethyl-K2CJ,0)-(N,N,N-tri(2-pyridylmethyl-KN)amme-KN)-rhodium(nr)-bis- 
tetraphenylborate (32b(BPh4)2): To a solution of 18b+ (50 mg, 66 |amol) in dichloromethane (10 ml) were added 
NH4BPh4 (26 mg, 77 |amol) and p-tolunitrile (4 ml). The reaction mixture was refluxed for 6 hours and cooled to room 
temperature. After 18 hours a yellow product precipitated from the solution. The product was filtered off and dried in 
vacuo. Yield: 24.5 mg (42%); 'H NMR (200 MHz, acetone-d6, 298 K): 5 =  8.82 (d, 1H, 3J(H,H) = 5.5 Hz, Pya-H6), 
8.71 (d, 2H, 3J(H,H) = 5.1 Hz, Pyb-H6), 7.96 (dt, 2H, 3J(H,H) = 7.9 Hz, 4J(H,H) = 1.3 Hz, Pyb-H4), 7.77 (dt, 1H, 
3J(H,H) = 7.9 Hz, 4J(H,H) = 1.3 Hz, Pya-H4), 7.68 (d, 2H, 3J(H,H) = 7.7 Hz, Pyb-H3), 7.6-7.2 (m, 8H, Pya-H3 and Py- 
H5 and C6H5), 7.35 (m, 16H, BAr-H2), 6.92 (t, 16H, 3J(H,H) = 7.3 Hz, BAr-H3), 6.76 (t, 8H, 3J(H,H) = 7.1 Hz, BAr- 
H4), 5.83 (d[AB], 2H, 2J(H,H) = 16.1 Hz, NCH2Pyb), 5.38 (d[AB], 2H, 2J(H,H) = 16.1 Hz, NCH2Pyb), 5.26 (s, 2H, 
NCH2Pya), 3.84 (dt, 2H, 3J(H,H) = 5.9 Hz, 2J(H,Rh) = 2.2 Hz, RhCH2CH2), 3.59 (t, 3J(H,H) = 5.7 Hz, 2H, RhCH2CH2),
2.31 (s, 3H, Me) ppm; 13C-NMR (100 MHz, DMSO-d6, 297 K): 5  = 173.8 (C=O), 164.8 (Pyb-C2), 164.2 (Pya-C2),
163.2 (q, J(C ,B) = 49.5 Hz, BAr-C1), 150.9 (Pya-C6), 150.3 (Pyb-C6), 143.5 (C6H4-C4), 140.2 (Pyb-C4), 139.3 (Pya- 
C4), 135.4 (BAr-C2), 132.0 (CgH4-C1), 129.1 (CgH4-C2), 127.3 (C6H4-C3), 125.8 (Pyb-C3/5), 125.2 (d, 3J(C,B) = 2.8 
Hz, BAr-C3 and Pya-C3), 124.7 (Pyb-C3/5), 122.6 (Pya-C5), 121.4 (BAr-C4), 65.7 (NCH2Pyb), 64.1 (NCH2Pyb), 42.0
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(RhCH2CH2), 35.1 (d, J(C,Rh) = 26.4 Hz, RhCH2CH2), 20.9 (C6H4CH3) ppm; FAB-MS (m-NOBA/MeOH/CH3CN): 
554 [M-(BPh4)2-H]+, 394 [M-C10H12NO-(BPh4)2+H]+, 300 [M-CH3Py-C10H12NO-(BPh4)2]+.
(2-(Benzimidoyloxy)ethyl-K2C?,^)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium(nr)-bis- 
tetraphenylborate (33b(BPh4)2): To a solution of 18b+ (100 mg, 0.13 mmol) in benzonitrile (10 ml) was added 
NH4PF6 (25 mg, 0.15 mmol). The reaction mixture was stirred for 4 hours at room temperature and a solution of 
NaBPh4 (45 mg, 0.13 mmol) in benzonitrile (5 ml) was added. Addition of a mixture of MeOH and water caused the 
precipitation of a yellow solid. The product was filtered off and dried in vacuo. Yield: 126.2 mg (81%); 'H  NMR (300 
MHz, CD2Cl2, 297 K): 5=  8.28 (d, 1H, 3J(H,H) = 5.9 Hz, Pya-H6), 7.89 (d, 2H, 3J(H,H) = 5.5 Hz, Pyb-H6), 7.7-7.6 (m, 
5H, C6H5-H2, Py-H4), 7.60 (t, 1H, 3J(H,H) = 1.3 Hz, CeH5-H4), 7.51 (m, 2H, CgHs-ffi), 7.46 (m, 3H, Pyb-H3 and Pya- 
H5), 7.42 (m, 16H, BAr-H2), 7.28 (d, 1H, 3J(H,H) = 7.9 Hz, Pya-H3), 7.12 (t, 2H, 3J(H,H) = 6.9 Hz, Pyb-H5), 6.99 (t, 
16H, 3J(H,H) = 7.4 Hz, BAr-H3), 6.84 (t, 8H, 3J(H,H) = 7.2, BAr-H4), 4.27 (m, 2H, RhCH2CH2), 4.09 (s, 2H, 
NCH2Pya), 4.00 (d[AB], 2H, 2J(H,H) = 18.0 Hz, NCH2Pyb), 3.80 (d[AB], 2H, 2J(H,H) = 17.2 Hz, NCH2Pyb), 3.10 (m, 
2H, RhCH 2CH2) ppm.
(2-(Benzoylamino)ethyl-K2CJ,0)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium (nr)-bis-tetraphenylborate 
(34b(BPh4)2): To a solution of 18b+ (50 mg, 66 |amol) in benzonitrile (4 ml) was added NH4BPh4 (26 mg, 77 |amol). 
The reaction mixture was stirred for 6 hours at 65°C and then cooled to room temperature. After 18 hours a yellow 
product precipitated from the solution. The product was filtered off and dried in vacuo. Yield: 32.9 mg (59%); 'H NMR 
(200 MHz, DMSO-d6, 302 K): 5 =  8.66 (d, 1H, 3J(H,H) = 5.6 Hz, Pya-H6), 8.58 (d, 2H, 3J(H,H) = 5.6 Hz, Pyb-H6), 
7.90 (t, 2H, 3J(H,H) = 7.5 Hz, Pyb-H4), 7.74 (t, 1H, 3J(H,H) = 7.9 Hz, Pya-H4), 7.7-7.3 (m, 11H, Py-H3, Py-H5 and 
CgHs), 7.21 (m, 16H, BAr-H2), 6.94 (t, 16H, 3J(H,H) = 7.2 Hz, BAr-H3), 6.79 (t, 8H, 3J(H,H) = 7.0, BAr-H4), 5.61 
(d[AB], 2H, 2J(H,H) = 16.4 Hz, NCH2Pyb), 5.28 (d[AB], 2H, 2J(H,H) = 16.1 Hz, NCH2Pyb), 5.14 (s, 2H, NCH2Pya),
3.63 (m, 2H, RhCH2CH2), 3.36 (m, 2H, RhCH2CH2) ppm; 13C-NMR (75 MHz, DMSO-d6, 300 K): 5 =  174.1 (C=O),
164.7 (Pyb-C2), 164.1 (Pya-C2), 163.3 (q, J(C ,B) = 49.3 Hz, BAr-C1), 150.7 (Pya-C6), 150.2 (Pyb-C6), 140.2 (Pyb-C4),
139.4 (Pya-C4), 135.5 (q, 2J(C,B) = 1.4 Hz, BAr-C2), 129.8 (C6H5-C4), 128.7 (CeH5-C2/3), 127.2 (CeH5-C2/3), 125.9 
(Pyb-C3/5), 125.3 (q, 3J(C,B) = 2.7 Hz, BAr-C3 and Pya-C3/5), 124.7 (Pyb-C3/5), 122.5 (Pya-C3/5), 121.5 (BAr-C4),
65.7 (NCH2Pyb), 64.1 (NCH2Pya), 42.3 (RhCH2CH2), 34.7 (d, J(C,Rh) = 25.4 Hz, RhCH2CH2) ppm; ESI-MS 
(CH3CN): 270.5 [M-(BPh4)2]2+.
(2-(p-Trifluoromethylbenzoylamino)ethyl-K2CJ,0)-(N,N,N-tri(2-pyridylmethyl-KN)amme-KN)-rhodium(nr)-bis- 
tetraphenylborate (36b(BPh4)2): To a solution of 18b+ (50 mg, 66 |amol) in dichloromethane (15 ml) were added 
NH4BPh4 (26 mg, 77 |amol) and p-trifluorobenzonitrile (4 g). The reaction mixture was refluxed for 18 hours. The 
resulting suspension is filtered and the filtrate was left standing at room temperature. After 18 hours a yellow product 
precipitated from the solution. The product was filtered off and dried in vacuo. Yield: 7.8 mg (12%); 'H  NMR (200 
MHz, acetone-d6, 298 K): 5 =  8.85 (d, 1H, 3J(H,H) = 5.8 Hz, Pya-H6), 8.73 (d, 2H, 3J(H,H) = 5.2 Hz, Pyb-H6), 8.1-7.4 
(m, 12H, C H 4, Py-H4 and Py-H3/5), 7.35 (m, 16H, BAr-H2), 7.16 (m, 1H, Pya-H3/5), 6.91 (t, 16H, 3J(H,H) = 7.3 Hz, 
BAr-H3), 6.76 (t, 8H, 3J(H,H) = 7.2 Hz, BAr-H4), 5.86 (d[AB], 2H, 2J(H,H) = 16.0 Hz, NCH2Pyb), 5.43 (d[AB], 2H, 
2J(H,H) = 16.2 Hz, NCH2Pyb), 5.30 (s, 2H, NCH2Pya), 3.87 (m, 2H, RhCH2CH2), 3.65 (m, 2H, RhCH2CH2) ppm.
(2-(Acetimidoyloxy)propyl-K2CJ,^)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium(nr)-bis- 
tetraphenylborate (37b(BPh4)2): To a solution of 21b+ in CD3CN was added HBArF4 (1.1 equivalent) at room 
temperature. After one hour (deuterated) 37b2+ was formed and its 'H  NMR data were obtained. 'H  NMR (400 MHz, 
CD3CN, 302 K): 5  = 8.76 (d, 1H, 3J(H,H) = 5.9 Hz, Py-H6), 8.71 (d, 1H, 3J(H,H) = 6.1 Hz, Py-H6), 8.43 (d, 1H, 
3J(H,H) = 5.7 Hz, Py-H6), 7.91 (m, 3H, Py-H4); 7.71 (m, 8H, BArF-H2), 7.67 (br.s, 4H, BArF-H4), 7.6-7.3 (m, 5H, Pyb- 
H3 and Py-H5), 7.40 (m, 8H, BAr-H2), 7.14 (d, 1H, 3J(H,H) = 8.0 Hz, Pya-H3), 7.00 (t, 8H, 3J(H,H) = 7.4 Hz, BAr- 
H3), 6.85 (t, 4H, 3J(H,H) = 7.1 Hz, BAr-H4), 5.33 (d[AB], 1H, 2J(H,H) = 16.2 Hz, NCH2Pyb), 5.32 (d[AB], 1H, 
2J(H,H) = 16.2 Hz, NCH2Pyb), 5.05 (d[AB], 1H, 2J(H,H) = 16.2 Hz, NCH2Pyb), 5.05 (d[AB], 1H, 2J(H,H) = 16.0 Hz, 
NCH2Pyb), 4.82 (s, 2H, NCH2Pya), 4.23 (m, 1H, RhCH2CHCH3), 3.26 (m, 1H, RhCH2CHCH3), 3.09 (m, 1H, 
RhCH2CHCH3), 1.60 (d, 3H, 3J(H,H) = 5.9 Hz, RhCH2CHCH3) ppm.
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(2-(Acetylamino)propyl-K2C^,0)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^)-rhodium(nr)-bis-tetraphenylborate 
(38b(BPh4)2): A solution of 37b2+ in CD3CN was left standing at room temperature for 4 days and 38b2+ was formed in 
>85% yield according to 'H NMR. 'H NMR (400 MHz, CD3CN, 302 K): 5 =  8.54 (d, 1H, 3J(H,H) = 6.1 Hz, Py-H6), 
8.42 (d, 1H, 3J(H,H) = 5.3 Hz, Py-H6), 8.41 (d, 1H, 3J(H,H) = 5.1 Hz, Py-H6), 7.90 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) 
= 1.4 Hz, Py-H4), 7.85 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Py-H4), 7.71 (m, 8H, BArF-H2), 7.67 (br.s, 4H, 
BArF-H4), 7.64 (dt, 1H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.5 Hz, Py-H4), 7.6-7.2 (m, 5H, Pyb-H3 and Py-H5), 7.30 (m, 8H, 
BAr-H2), 7.12 (d, 1H, 3J(H,H) = 7.9 Hz, Pya-H3), 7.00 (t, 8H, 3J(H,H) = 7.4 Hz, BAr-H3), 6.85 (t, 4H, 3J(H,H) = 7.0 
Hz, BAr-H4), 5.44 (d[AB], 1H, 2J(H,H) = 16.0 Hz, NCH2Py), 5.35 (d[AB], 1H, 2J(H,H) = 15.6 Hz, NCH2Py), 5.05 
(d[AB], 1H, 2J(H,H) = 15.6 Hz, NCH2Py), 5.00 (d[AB], 1H, 2J(H,H) = 16.0 Hz, NCH2Py), 4.88 (d, 2H, 2J(H,H) = 6.3 
Hz, NCH2Py), 3.64 (m, 1H, RhCH2CHCH3), 3.13 (m, 1H, RhCH2CHCH3), 1.66 (d, 3H, 3J(H,H) = 6.5 Hz, 
RhCH2CHCH3) ppm. (The signal for RhCH2CHCH3 is obscured by the diethyl ether signal.) 13C-NMR (75 MHz, 
CD3CN, 300 K): 5=  180.2 (C=O), 165.5 (Py-C2), 165.2 (Py-C2), 164.9 (Py-C2), 164.6 (q, J(C ,B) = 49.3 Hz, BAr-C1),
162.4 (q, :J(C,B) = 49.8 Hz, BArF4-C1), 151.8 (Py-C6), 151.3 (Py-C6), 151.1 (Py-C6), 141.2 (Py-C4), 141.0 (Py-C4),
140.2 (Py-C4), 136.6 (q, 2J(C,B) = 1.4 Hz, BAr-C2), 135.5 (m, BArF4-C2), 129.8 (qq, 2J(C,F) = 31.7 Hz, 3J(C,B) = 2.9 
Hz, BArF-C3), 127.2 (d, 3J(C,Rh) = 1.2 Hz, Py-C3/5), 126.5 (q, 3J(C,B) = 2.8 Hz, BAr-C3), 126.4 (d, 3J(C,Rh) = 1.5 
Hz, Py-C3/5), 126.2 (d, 3J(C,Rh) = 1.5 Hz, Py-C3/5), 125.6 (Py-C3/5), 125.6 (d, 3J(C,Rh) = 1.5 Hz, Py-C3/5), 125.3 (q, 
J(C ,F) = 271.8 Hz, BArF-CF3), 123.5 (d, 3J(C,Rh) = 1.2 Hz, Py-C3/5), 122.7 (BAr-C4), 118.5 (m, BArF4-C4), 66.6 
(NCH2Py), 66.5 (NCH2Py), 65.0 (NCH2Py), 50.1 (d, 2J(C,Rh) = 0.9 Hz, RhCH2CHCH3), 42.0 (d, J(C,Rh) = 26.9 Hz, 
RhCH2CHCH3), 21.6 (RhCH2CHCH3) ppm.
(2-(Benzoylamino)propyl-K2CJ,0)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium (nI)-bis-tetraphenylborate 
(40b(BPh4)2): To a solution of 21bBPh4 (52 mg, 67|amol) in benzonitrile (6 ml) was added NH4BPh4 (23 mg, 67 |amol). 
The reaction mixture was stirred for 4 days. A mixture of MeOH and water was added and a white solid precipitated. 
The product was filtered off and dried in vacuo. Yield: 63 mg (79%); 'H NMR (400 MHz, DMSO-d6, 302 K): 5  =
10.23 (br.s., 1H, NH), 8.68 (d, 1H, 3J(H,H) = 6.3 Hz, Pya-H6), 8.66 (d, 1H, 3J(H,H) = 6.3 Hz, Pyb-H6), 8.61 (d, 1H, 
3J(H,H) = 5.7 Hz, Pyc-H6), 8.03 (t, 1H, 3J(H,H) = 7.7 Hz, Pya-H4), 7.90 (t, 1H, 3J(H,H) = 7.5 Hz, Pyc-H4), 7.80 (t, 1H, 
3J(H,H) = 7.8 Hz, Pyb-H4), 7.73 (m, 1H, Pya-H3), 7.64 (d, 1H, 3J(H,H) = 7.6 Hz, Pyc-H3), 7.6-7.5 (m, 4H, Pya-H5 and 
Ar-H2 and Ar-H4), 7.43 (t, 1H, 3J(H,H) = 6.5 Hz, Pyb-H5), 7.38 (t, 3H, 3J(H,H) = 7.6 Hz, Pyc-H5 and Ar-H3), 7.32 (d, 
1H, 3J(H,H) = 7.6 Hz, Pyb-H3), 7.19 (br.s., 16H, BAr-H2), 6.93 (t, 8H, 3J(H,H) = 7.3 Hz, BAr-H3), 6.79 (t, 8H, 3J(H,H) 
= 7.1 Hz, BAr-H4), 5.61 (d[AB], 1H, 2J(H,H) = 16.6 Hz, NCH2Py), 5.57 (d[AB], 1H, 2J(H,H) = 15.8 Hz, NCH2Py),
5.32 (d[AB], 2H, 2J(H,H) = 16.2 Hz, NCH2Py), 5.20 (d[AB], 1H, 2J(H,H) = 19.7 Hz, NCH2Py), 5.12 (d[AB], 1H, 
2J(H,H) = 19.5 Hz, NCH2Py), 3.91 (m, 1H, RhCH2CHCH3), 3.50 (m, 1H, RhCH2CHCH3), 3.34 (m, 1H, 
RhCH2CHCH3), 1.80 (d, 3H, 3J(H,H) = 6.3 Hz, RhCH2CHCH3) ppm; 13C-NMR (75 MHz, DMSO-d6, 300 K): 5  =
175.0 (C=O), 165.0 (Py-C2), 164.6 (Py-C2), 164.2 (Py-C2), 163.3 (q, J(C ,B) = 49.3 Hz, BAr-C1), 150.7 (Py-C6),
150.6 (Py-C6), 150.1 (Py-C6), 140.3 (Py-C4), 140.2 (Py-C4), 139.4 (Py-C4), 135.5 (q, 2J(C,B) = 1.5 Hz, BAr-C2),
133.0 (CgHs-d), 130.1 (CeH5-C4), 128.5 (C6H5-C2), 127.6 (CeH5-C3), 126.3 (Py-C3/5), 125.4 (Py-C3/5), 125.2 (q, 
2J(C,B) = 2.8 Hz, BAr-C3 and Py-C3/5), 124.9 (Py-C3/5), 124.6 (Py-C3/5), 122.5 (Py-C3/5), 121.5 (BAr-C4), 65.9 
(NCH2Py), 65.6 (NCH2Py), 64.0 (NCH2Py), 50.1 (RhCH2CH(CH3)N), 43.8 (d, J(C,Rh) = 25.7 Hz RhCH2CH(CH3)N)),
21.2 (RhCH2CH(CH3)N) ppm; ESI-MS(CH3CN): 874.0 [M-BPh4]+, 277.5 [M-(BPh4)2]2+, 256.5 [M-C3H6-(BPh4)2]2+, 
217 [M-(C6H5)CONH2-(BPh4)2]2+, 196.5 [M -C ^ C H ^ H ^ N H C ^ H s P ^ B P L ,^ .
(2-(Acetimidoyloxy)ethyl-K2C?,^)-(acetonitrile)-(^-methyl-^,^-di(2-pyridylmethyl-K^)amine-K^)-rhodium(nI)- 
bis-tetraphenylborate (42(BPh4)2): To a solution of 41BPh4 (108 mg, 0.16 mmol) in CH3CN (10 ml) was added 
NH4BPh4 (54 mg, 0.16 mmol). The reaction mixture was stired for 2 hours after which the product was precipitated as a 
brown oil by the addition of diethyl ether. The solvents were decanted and a yellow powder was obtained through the 
addition of diethyl ether to the oil. The product was filtered off, washed with diethyl ether and dried in vacuo. 'H NMR 
(400 MHz, CD3CN, 297 K): 5 =  8.17 (d, 2H, 3J(H,H) = 5.3 Hz, Py-H6), 7.94 (dt, 2H, 3J(H,H) = 7.9 Hz, 4J(H,H) = 1.6 
Hz, Py-H4), 7.45 (t, 2H, 3J(H,H) = 6.8 Hz, Py-H3), 7.41 (d, 2H, 3J(H,H) = 8.3 Hz, Py-H5), 7.33 (m, 16H, BAr-C2),
7.02 (t, 16H, 3J(H,H) = 7.4 Hz, BAr-H3), 6.87 (t, 8H, 3J(H,H) = 7.4 Hz, BAr-H4), 4.55(d[AB], 2H, 2J(H,H) = 16.0 Hz,
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NCH2Py), 4.03 (d[AB], 2H, 2J(H,H) = 15.4 Hz, NCH2Py), 3.50 (t, 2H, 3J(H,H) = 5.0 Hz, RhCH2CH2), 2.65 (s, 3H, 
NCH3), 2.55 (m, 2H, RhCH2CH2), 2.41 (s, 3H, CH3C=NH) ppm; 13C-NMR (75 MHz, CD3CN): 5  = 178.1 (C=NH),
164.6 (q, J(C ,B) = 49.7 Hz, BAr-C1), 163.2 (Py-C2), 152.0 (Py-C6), 140.8 (Py-C4), 136.5 (BAr-C2), 126.6 (Py-C3),
126.4 (BAr-C3), 125.3 (Py-C5), 122.6 (BAr-C4), 70.7 (RhCH2CH2), 68.0 (NCH2Py), 54.3 (NCH3), 22.7 (CH3C=NH),
19.5 (d, J(C,Rh) = 25.1 Hz, RhCH2CH2) ppm; ESI-MS (CH3CN): 721.0 [M-CH3CN-BPh4]+, 242.0 [M+CH3CN- 
(BPh4)2]2+, 221.5 [M-(BPL,)2]2+, 214.0 [M-CH4-(BPh4)2]2+, 201.0 [M-CH3CN-(BPh4)2]2+.
3.8. References
[1] a) K.B. Sharpless, A.Y. Teranishi, J.-E. Bäckvall, J. Am. Chem. Soc. 1977, 99, 3120; b) J.P. Collman, J.I. 
Brauman, B. Meunier, T. Hayashi, T. Kodadek, S.A. Raybuck, J. Am. Chem. Soc. 1985, 107, 2000.
[2] a) Z.H. Kafafi, R.H. Hauge, W.E. Billups, J.L.Margrave, J. Am. Chem. Soc. 1987, 109, 4775; b) Y. Hayasi, J. 
Schwartz, Inorg. Chem. 1981, 20, 3473 c) M. Berry, S.G. Davies, M.L.H. Green, J. Chem. Soc. Chem. 
Commun. 1978, 99.
[3] a) S.G. Hentges, K.B. Sharpless, J. Am. Chem. Soc. 1980, 102, 4263; b) D.M. Walba, M.D. Wand, M.C. 
Wilkes, J. Am. Chem. Soc. 1979, 101, 4396.
[4] A. Miyashita, T. Shimada, A. Sugawara, H. Nohira, Chem. Lett. 1986, 1323.
[5] For a review on the intermediacy of 2-metallaoxetanes in oxygen transfer reactions see: K.A. Jorgensen, B. 
Schiott, Chem. Rev. 1990, 1483.
[6] a) R. Schlodder, J.A. Ibers, M. Lenarda, M. Graziani, J. Am. Chem. Soc. 1974, 96, 6893; b) L. Pandolfo, G. 
Paiaro, G. Valle, P. Ganis, Gaz. Chim. It. 1985, 115, 65; c) M. Lenarda, N.B. Pahor, M. Calligaris, M. 
Graziani, L. Randaccio, J. Chem. Soc., Dalton Trans. 1978, 279; d) J. Bakos, Â. Orosz, S. Cserépi, I. Tóth, D. 
Sinou, J. Mol. Catal. A 1997, 116, 85; e) W.A. Herrmann, U. Küsthardt, A. Schäfer, E. Herdtweck, Angew. 
Chem. 1986, 98, 818; f) J.F. Hartwig, R.G. Bergman, R.A. Andersen, J. Am. Chem. Soc. 1990, 112, 3234; g) S. 
Baba, T. Ogura, S. Kawaguchi, H. Tokunan, Y. Kai, N. Kasai, J. Chem. Soc. Chem. Commun. 1972, 910; h) 
J.F. Hartwig, R.G. Bergman, R.A. Andersen, Organometallics, 1991, 10, 3344.
[7] a) B. de Bruin, M.J. Boerakker, J.A.W. Verhagen, R. de Gelder, J.M.M. Smits, A.W. Gal, Chem. Eur. J. 2000, 
6, 298; b) B. de Bruin, J.A.W. Verhagen, C.H.J. Schouten, A.W. Gal, D. Feichtinger, D.A. Plattner, Chem. 
Eur. J. 2001, 7(2), 416.
[8] R.J.N.A.M. Kicken, Thesis: Oxidation o f  Iridium Olefin complexes by H2O2 and O2 2001, Nijmegen, a) p. 128; 
b) p. 95.
[9] a) V.W. Day, W.G. Klemperer, S.P. Lockledge, D.J. Main, J. Am. Chem. Soc. 1990, 112, 2031; b) T.C. Flood, 
M. Iimura, J.M. Perotti, A.L. Rheingold, T.E. Concolino, Chem. Commun. 2000, 1681.
[10] B. de Bruin, J.A. Brands, J.J.J.M. Donners, M.P.J. Donners, R. de Gelder, J.M.M. Smits, A.W. Gal, A.L. Spek, 
Chem. Eur. J. 1999, 5(10), 2921.
[11] Bubpa = ^-butyl-^,^-di(2-pyridylmethyl)amine
[12] P.H.M. Budzelaar, A.J.N. Blok, to be published.
[13] Tamura, M., Urano, Y., Kikuchi, K., Higuchi, T., Hirobe, M., Nagano, T., J. Organometal. Chem. 2000, 611, 
586.
[14] On the basis of our data, we cannot exclude the formation of a dinuclear complex. Possibly, the use of an 
excess of Py3Cn in the synthesis of the rhodium cod complex would result in the formation of the desired 
mononuclear complex.
[15] pla = ^-(6-methyl-2pyridylmethyl)-^-(2-pyridylmethyl)amine
[16] H. Nishida, N. Takada, M. Yoshimura, T. Sonoda, H. Kobayashi, Bull. Chem. Soc. Jpn. 1984, 57, 2600 and 
references therein.
[17] a) Milstein, D., Calabrese, J.C., J. Am. Chem. Soc. 1982, 104, 3773; b) Milstein, D., J. Am. Chem. Soc. 1982, 
104, 5227; c) Milstein, D., Acc. Chem. Res. 1984, 17, 221; d) Kulasegaram, S., Kulawiec, R. J., Tetrahedron 
1998, 54, 1361.
[18] N.L. Allinger, V. Zalkow, J. Org. Chem. 1960, 25, 701.
72
Oxidation in solution
[19] a) S. Jabre-Truffert, A.-M. Delmas, H. Grennberg, B. Akermerk, B. Waegell, Eur. J. Org. Chem. 2000, 219; b)
H. Meier, W. Mayer, H. Kolshorn, Chem. Ber. 1987, 120, 685; c) A.J. Bloodworth, J.L. Courtneidge, R.J. 
Curtis, M.D. Spencer, J. Chem. Soc. Perkin Trans. 1 1990, 2951; d) J.K. Stille, D.E. James, J. Am. Chem. Soc. 
1975, 97, 674; e) B. Âkermark, E.M. Larsson, J.D. Oslob, J. Org. Chem. 1994, 59, 5729.
[20] BASF, DE 1083259; Chem. Abstr., EN, 1961, 17547.
[21] Mebpa = ^-methyl-^,^-di(2-pyridylmethyl)amine
[22] R. Cramer, Inorg. Synth. 1990, 28, 86.
[23] G. Anderegg, F. Wenk, Helv. Chim.Acta 1967, 50(243), 2330.
[24] H. Nagao, N. Komeda, M. Mukaida, M. Suzuki, K. Tanaka, Inorg. Chem. 1996, 35, 6809.
[25] M. Brookhart, B.Grant, A.F. Volpe Jr., Organometallics 1992, 11, 3920.
73
74
4
Oxidation in the solid state
4.1. Introduction
3 -M eta lla - 1 ,2 - d io x o lan es  (K 2-C 1,O 2-2 -p eroxye thy l m e ta l co m p lex e s , see i l lu s t ra t io n ) h a v e  been  
p ro p o sed  as in te rm ed ia te s  in  c a ta ly t ic  o x y g e n a tio n  o f  o le f in s  b y  g ro u p  V I  and  V I I I  m e ta ls .[1] T h e se  
re a c tio n s  in c lu d e  e p o x id a tio n [1d,e,f] and  o x id a t io n  to  k e to n es .[1a,b,c][miOO'" 0
3 -M eta lla-1 ,2 -d io x o lan es  c o n ta in in g  an  u nsu bstitu ted  3 -m eta lla-1 ,2-d io xo lane  frag m e n t 
[ M ( k 2C 1,O 2- C H 2C H 2O O ) ]  h a v e  n o t b een  rep o rted  b e fo re . T ri-  and  te tra -su bstitu ted  3 -p latina-1,2- 
d io x o la n e s , w ith  substituen ts  th a t p re v e n t ß - h yd ro g en  tran s fe r, h a v e  b e e n  o b ta in ed , h o w e v e r , fro m  
th e  re a c t io n  o f  [ ( P P h 3) 2P t ( n 2-O 2) ]  w ith  e le c tro n - d e fic ien t o le f in s  an d  h a v e  b e e n  s tru c tu ra lly
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characterized (Scheme 48).[2] Because of their ß-carbon substituents, these platinadioxolanes can 
not be used as models for the further chemistry of proposed metalladioxolane intermediates. Also, 
the 3-metalla-1,2-dioxolane intermediates relevant to catalysis are assumed to be formed through 
oxidation of olefin complexes by dioxygen rather than through the reaction of a metal peroxo 
complex with an olefin.[1]
NQ CN 
(PPh3)2P t - ^
OV ^
43+ 44+
Scheme 48. Structurally characterized substituted 3-platina-1,2-dioxolanesP]
This chapter deals with the synthesis of stable, isolable, unsubstituted 3-metalla-1,2-dioxolanes 
through dioxygenation of rhodium and iridium ethene complexes by air or dioxygen. Their 
synthesis gives us the opportunity to obtain more insight into the possible role of 
3-metalladioxolanes as intermediates in metal-catalyzed olefin oxidation (see Chapter 6). Part of 
this work has been published.[3]
4.2. Dioxygenation of ethene complexes to 3-metalla-1,2-dioxolanes by dioxygen 
or air
4.2.1. Rhodium tpa complexes
Oxidation of 1BPh4 (Scheme 49) with air at room temperature in solution (acetone, acetonitrile, 
dichloromethane) was earlier found to result in ethene dissociation and formation of a mixture of 
unidentified products.[4] *H NMR and EPR spectra of the mixture showed that various diamagnetic 
and paramagnetic complexes had formed. In marked contrast, exposure of solid, microcrystalline 
1BPh4 to air for two days results in the formation of 3-rhoda-1,2-dioxolane 45aBPh4 (Scheme 
49).[5] A small amount of hydroperoxy hydroxy complex 50BPh4 also forms (Section 4.3, Scheme 
54).
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Scheme 49. Formation and rearrangement o f 3-metalla-1,2-dioxolanes.
The ESI-M S spectrum of 45aBPh4 shows the expected base peak at m/z = 453, corresponding 
to [(tpa)Rh(CH2CH2) + O2]+. The *H N M R spectrum shows the presence of a Rh-CH2-CH2- 
fragment. The coupling 3J(H a,Hß) of this group (6.1 Hz, Table 7Table) suggests it to be part of a 
five-membered ring: it is intermediate in magnitude between the coupling observed in the four- 
membered 2-rhodaoxetane ring in rhodium 2-oxyethyl complex 18b+ and the six-membered ring in 
rhodium 2-(acetimidoyloxy)ethyl complex 19b2+ (Scheme 50).[6] Table 7Table shows the *H N M R 
chemical shifts and coupling constants of the above metalladioxolane fragments and of other 
metalladioxolane fragments, described below. The 2-rhodaoxetane fragment of 18b+ has been 
included, for comparison.
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3J(H a,Hß) = 7.5 Hz M H a,Hß) = 6.1 Hz 3J(H a,Hß) = 6.1 Hz 3J(H a,Hß) =5.6 Hz
Scheme 50. Typical 3J(Ha,Hß) for Rh-CH2-CH2 fragments in four-membered (18b ), five-membered 
(45a+, 45b+) and six-membered (19b2 )  rings.
Table 7. 1H  NMR chemical shifts (ppm) and coupling constants (Hz) o f the MCH2CH2O-fragments 
(M = Rh, Ir) in CD3CN.
Compound 5(M CH2) 5(CH2O) 3J(H ,H ) 2J(H,Rh)
45a+ 2.57(dt) 3.25(t) 6.1 2.4
45b+ 3.55 (dt) 3.41(t) 6.1 2.4
46a+ 2.03(t) 2.54(t) 6.2 -
46b+ 2.69(t) 2.63(t) 6.7 -
48+ 2.90(dt) 3.66(dt) 6.5 2.5
18b+ 2.24(dt) 4.88(t) 7.5 2.5
Solid state 13C N M R  showed that 45aBPh4 had really formed in the solid state and not 
afterwards in CD3CN solution. The spectrum showed very broad peaks, but the RhCH2 peak at 5 = 
32-38 ppm and the two peaks at 5= 62-72 and 72-76 ppm, respectively (corresponding to NCH2Py 
and CH2O) indicate the formation of a 3-rhoda-1,2-dioxolane.
Crystals of 45aBPh4 suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether 
into a 1,2-dichloroethane/acetonitrile solution. The dioxolane ring is disordered over two positions, 
each occupied for 50%, which are almost mirror images of each other. The structure of one of these 
conformers is shown in Figure 6. The 5-membered ring has an envelope conformation. The 
puckering of the 3-rhoda-1,2-dioxolane ring is virtually the same as in the previously reported 3- 
platina-1,2-dioxolane ring of 43 (Scheme 48).[2a,7] The average O1-O2 distance (1.500(17) Â ) is 
normal compared to the O-O distances in 43 (1.482(15) Â )[2a] and other M-O-O-C compounds 
(1.40-1.52 Â );[8] the average distance O2-C2 (1.443(10) Â ) is also similar to that in 43 (1.407(19) 
Â ) and other M-O-O-C compounds (1.40-1.47 Â ).[9]
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Figure 6. X-ray structure o f 3-rhoda-1,2-dioxolane 45a+.
Table 8. Selected bond lengths [Â] o f 45a+.
45a+
N1-Rh 2.054(2)
N2-Rh 2.015(3)
N3-Rh 2.133(3)
N4-Rh 2.030(3)
C1-Rh 2.030(16) / 2.076(16)[a]
O1-Rh 2.01(2) / 1.97(2)[a]
O 1-O2 1.504(18) / 1.496(16)[a]
O2-C2 1.430(11) / 1.455(9)[a]
C2-C1 1.563(11) / 1.534(11)[a]
[a] Distances of the two conformers.
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Table 9. Selected angles [°] o f 45a+.
45a+
N1-Rh-N2 84.04(10)
N1-Rh-N3 81.87(10)
N1-Rh-N4 82.91(10)
N2-Rh-N3 88.47(10)
N2-Rh-N4 166.33(10)
N3-Rh-N4 93.70(10)
C1-Rh-O1 84.6(4) / 84.7(4)[a]
C2-C1-Rh 106.0(9) / 102.2(8)[a]
O2-C2-C1 106.2(18) / 111.5(10)[a]
O1-O2-C2 106.1(15) / 101.7(11)[a]
Rh-O1-O2 106.3(10) / 110.8(12)[a]
C1-Rh-N1 99.3(3) / 95.9(3)[a]
C1-Rh-N2 91.2(4) / 87.5(4)[a]
C1-Rh-N3 178.7(3) / 175.6(4)[a]
C1-Rh-N4 86.9(4) / 89.8(4)[a]
O1-Rh-N1 175.9(4) / 179.1(7)[a]
O1-Rh-N2 97.0(12) / 95.3(11)[a]
O1-Rh-N3 94.2(3) / 97.5(3)[a]
O1-Rh-N4 96.3(12) / 97.7(11)[a]
[a] Angles of the two conformers.
W e observe a large influence of the counterion on the selectivity of this solid-gas oxygenation 
reaction. Upon changing the counterion of 1+ from BPh4- to PF6-, a 1:1 mixture of 45aPF6 and a 
new complex, 45bPF6, is obtained after exposure to air for two days.[5] The ESI-M S and 1H  N M R 
spectra of the mixture of 45aPF6 and 45bPF6 in CD3CN indicate that 45b+ is the stereo-isomeric 
3-rhoda-1,2-dioxolane shown in Scheme 49. The Ca resonances in the 13C N M R  spectrum lie at 5 =
35.0 and 44.8 ppm for 45a+ and 45b+, respectively, reflecting the stronger donor capacity of 
pyridine versus amine (Table 10Table). The same trend is observed for the 3-irida-1,2-dioxolanes 
46a+/46b+ (Scheme 49; see below) and the formylmethyl hydroxy complexes 52a+/52b+ and 
53a+/53b+, (Chapter 5, Scheme 61).
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13 103 13Table 10. C NMR chemical shifts (ppm) and Rh and C coupling constants (Hz) o f the MCH. 
2CH2O-fragments (M = Rh, Ir) in CD3CN.
Compound 5[MCH2) 5(CH2O) J(C ,R h )
45a+ 35.0(d) 70.2(s) 25.0
45b+ 44.8(d) 72.8(s) 28.8
46a+ 15.8(s) 71.1 or 71.8(s) -
46b+ 23.9(s) 71.6(s) -
48+ 30.3(d) 71.7(s) 25
18b+ 1.3(d)[a] 78.7(d) 18.4[a]
[a] Acetone-d6
The N O E contacts in 45a+ and 45b+ (Scheme 51) are consistent with their proposed structures: 
isomer 45a+ shows N O E contacts between Rh-CH2-CH2- and one proton each of the two equivalent 
Rh-Namine-CH2-, and between Rh-CH2-CH2- and the two equivalent py-H6; isomer 45b+ shows 
N O E contacts between Rh-CH2-CH2- and all three py-H6, and between Rh-CH2-CH2- and the two 
equivalent py-H6.
n
I
Scheme 51. NOE contacts in 45a+ and 45b+.
+ +
4.2.2. Iridium  tpa complexes
As we found for rhodium mono-ethene complex 1BPh4, exposure of a solution of iridium mono- 
ethene complex 9BPh4 to air leads to a mixture of unidentified products. However, exposure of 
solid 9BPh4 to air for five days leads to the exclusive formation of 3-irida-1,2-dioxolane 46aBPh4 
(Scheme 49).[5] Remarkably, exposure of the solvate 9BPh4.acetone (obtained by crystallization 
from acetone, see section 2.10.4) to air, results in a 2:3 mixture of the stereo-isomeric 
iridadioxolanes 46aBPh4 and 46bBPh4. A  2:5 mixture of isomeric iridadioxolanes 46aPF6 and 
46bPF6 is obtained upon exposure of solid 9PF6 (isomorphous to 7PF6) to air (Scheme 49).
ESI-M S spectra of 46aBPh4 and 46aPF6/46bPF6 showed the expected base peak at m/z = 543, 
corresponding to 46a+/46b+. However, due to the instability of these complexes in solution at room 
temperature, they may have partly rearranged to formylmethyl hydroxy complexes at the time of
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spraying (see Chapter 5). 1H-NMR spectra showed two triplets for the Ir-CH2-CH2- fragment, with 
3J(H a,Hß) = 6.2 and 6.7 Hz for 46a+ and 46b+, respectively, indicating that the fragments are part of 
five membered rings (Table 7Table, Scheme 50). The 1H  N M R  signals for IrCH2- and for -CH2O- 
were assigned by analogy with the 3-rhoda-1,2-dioxolanes (Table 7Table). The reactivities of the 3- 
irida-1,2-dioxolanes are similar to those of their rhodium analogues (Chapter 5).
4.2.3. Rhodium Metpa complexes
Besides the influence of the counterion, small ligand changes also have a large effect on the 
reactivity of solid rhodium-ethene complexes towards air. Substitution of one Py-H6 of tpa by a 
methyl group, for example, leads to a large decrease of the solid-gas reaction rate. Exposure of solid  
2PF6 to pure dioxygen for 7 months results in approximately 45 %  conversion to a 2:1 mixture of 
47a+ and 47b+ (the remainder being starting material), according to 1H  N M R (Scheme 52).[5] In 
contrast to tpa rhodium ethene complex 1BPh4, exposure of solid  2BPh4 to pure dioxygen for a 
similar period of time also results in the formation of a mixture of 47a+ and 47b+.
2+ 47a+ 47b+
Scheme 52. Dioxygenation o f Metpa rhodium ethene complexes.
4.2.4. Rhodium N4Me2 complexes
Upon reaction of solid  rhodium ethene complex 5PF6 (Scheme 53) with dioxygen (instead of air; 
see Chapter 5), at room temperature in the dark, 48PF6 forms within five days.[5] The 1H  N M R 
spectrum of 48PF6 showed two double triplets at 5= 2.94 ppm and at 5= 3.70 ppm, indicating the 
presence of a RhCH2CH2X  fragment (Table 7Table). A  coupling constant of V (H ,H ) = 6.5 Hz 
(Table 7) on these signals confirmed formation of a five-membered 3-rhodadioxolane ring. The 
ESI-M S spectrum showed the expected base peak at m/z = 431. A ll attempts to obtain X-ray quality 
crystals of 48PF6 failed, partly due to the instability of 48+ in solution.
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5+ 48+
Scheme 53. Formation o f rhodadioxolane 48PF6.
4.3. Oxidation of a rhodium propene complex to a peroxo complex and its 
reactivity towards water
As mentioned earlier, exposure of solid rhodium ethene complex 1BPh4 (Scheme 49) to air not only 
produces 3-rhoda-1,2-dioxolane 45aBPh4, but also a small amount of hydroperoxy hydroxy 
complex 50BPh4. Exposure of solid  microcrystalline 1BPh4 to dioxygen, however, leads to the 
formation of 45aBPh4 and a small amount of peroxo complex 49BPh4 (Scheme 54). This peroxo 
complex can be obtained more efficiently by oxidation of solid propene complex 
[(tpa)Rh(CH2CHCH3)]BPh4 (3BPh4) with dioxygen (Scheme 54).
^  “ |+BPh4- “ |+BPh4-
R h ^ / " ~  
N.
3+
Rh'O >
49+
N__di^-'OOHk, ^ R h  or
N| I o h
50+
|+BPh4-
^ r ^ OH
N  {"O O H
h2o
Scheme 54. Reaction o f propene complex 3BPh4 with dioxygen.
+ 6
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Propene coordinates less strongly to the rhodium center than ethene (see also Chapter 2), 
resulting in easier loss of the olefin fragment from complex 3BPh4 and quantitative formation of 
49BPh4 upon oxidation with dioxygen. In contrast, oxidation with air results in a mixture of 
unidentified products. The reason for this is still unclear. Possibly, further reactions of solid 49BPh4 
with water (see below) and subsequently CO2 occur. The 1H  N M R and 13C N M R spectrum of 
49BPh4 only show signals for the coordinated tpa ligand. The ESI-M S spectrum of 49BPh4 shows 
the expected base peak at m/z = 425, corresponding with [(tpa)Rh + O2]+, and a peak at m/z = 393, 
due to loss of O2 from the parent cation.[10]
Exposure of solid 49BPh4 to a water-saturated nitrogen atmosphere at room temperature for 
three days resulted in complete conversion to 50BPh4. The 1H  N M R and 13C N M R spectra of 
50BPh4 again only show signals for the coordinated tpa ligand. The ESI-M S spectrum shows the 
expected base peak at m/z = 443 for 50+ and peaks at m/z = 425, 410 and 393, due to net loss of H_ 
2 O, HO 2 and H 2 O3 . Complex 50BPh4 is the first rhodium hydroperoxy hydroxy complex reported 
ever. Other metal hydroperoxy hydroxy complexes have been reported earlier.[11] Complexes 
49BPh4 and 50BPh4 are unstable in solution at room temperature. Therefore, analytically pure 
samples could not be obtained. Since complex 50BPh4 also decomposes in solution at -30°C, no 
13C N M R data could be obtained of this complex. The non-innocent counterion BPh4-, which is 
known to react with protons, may play a role in the instability of 50BPh4.[12]
CD3CN solutions of 49+ or 50+ do not react with ethene. However, upon dissolution of 
equimolar amounts of 50BPh4 and tpa rhodium(I) mono-ethene complex 1BPh4 in acetonitrile a 
small amount of 2-rhodaoxetane 18bBPh4 forms, according to 1H  NM R. This is another indication 
that a hydroperoxy group is present in 50+. Cation 1+ could have been mono-oxygenated directly by 
50+or indirectly by hydrogen peroxide formed from 50+. In acetonitrile, complex 50BPh4 reacts 
with carbon dioxide to a mixture of unidentified products. This reaction could be responsible for the 
aselective reaction of solid 49BPh4 with air instead of dioxygen (see above).
4.4. Dioxygenation of an iridium propene complex
Previously it was found that exposure of a dichloromethane solution of iridium propene complex 
10BPh4 (Scheme 55) to dioxygen results in loss of propene and a complex mixture of unidentified 
products.[6] Exposure of solid 10BPh4 to dioxygen also resulted in the formation of a complex 
mixture of products. Some of these products were identified by ESI-M S and 1H  NM R. The two 
major products (approx. 30% each, according to 1H  N M R) are proposed to be hydroperoxy allyl 
complexes 51aBPh4 and 51bBPh4 (Scheme 55). Their 1H  N M R  spectra in CD3CN show the 
following signals for the allyl fragments: 51a+ 5 = 5.57 (ddt, 1H, IrCH2C#CH2), 4.72 en 4.45 (m 
and dd, each 1H, IrC ^ C H C ^ ), 2.75 (d, 2H, IrC ^ C H C ^ ) ppm; 51b+ 5  = 6.22 (ddt, 1H, 
IrCH 2 C#CH 2 ), 5.26 en 5.07 (ddt and dd, each 1H, IrCH2CHCtf2), 3.33 (d, 2H, IrC tf2CHCH2) ppm. 
The ESI-M S spectrum of the mixture shows the expected base peak at m/z = 557 ([(tpa)Ir(C3H6) + 
O2]+). Additional peaks are observed at m/z = 541 ([(tpa)Ir(C3H6) + O]+) and 524 ([(tpa)Ir(C3H 5)]+). 
Their 13C N M R spectra show signals for IrCH2 at 5  = 4.4 and 10.1 ppm for 51a+ and 51b+, 
respectively, indicating o-coordination instead of n-coordination of the allyl group to the iridium 
center (Table 10Table). Another indication for o-coordination of the allyl group is the presence of 
one 1H  N M R  signal for one of the CH2 groups and two separate signals for the second CH2 group.
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A  n-coordinated allyl group would have resulted in either two or four 1H  N M R  signals for the two 
CH2 groups. The 13C N M R signals for IrCH2 at 5  = 10.1 and 4.4 ppm also indicate that two 
isomeric hydroperoxy complexes may have been formed. The shift difference of the two IrCH2 
fragments (A5= 5.7 ppm) is smaller than that for the two IrCH2 fragments in 46a+ and 46b+ (A5 = 
8.14 ppm). However, this difference of 5.7 ppm and the difference in 1H  N M R  shifts of 0.58 ppm 
are probably larger than expected for the differences between, for example, a hydroperoxy allyl and 
a hydroxy allyl complex. This is why we propose the products to be two isomeric hydroperoxy allyl 
complexes.
10+ 51a+ 51b+
Scheme 55. Dioxygenation o f propene complex 10BPh4.
4.5. Discussion
Our results show that the metal, the ligand and the counterion all have a large effect on the 
selectivity of dioxygenation in the solid state. In all cases 3-metalla-1,2-dioxolanes are formed 
(nearly) selectively. The tpa ethene complexes 1BPh4 and 9BPh4 produce only one isomer, whereas 
tpa ethene complexes 1PF6 and 9PF6 and Metpa ethene complexes 2PF6 and 2BPh4 all produce a 
mixture of two stereo-isomers in a varying ratio.
Possible mechanisms for the dioxygenation will be discussed in Chapter 6. For now, we will 
assume that the mechanism shown in Scheme 56 is involved. W e w ill try to explain the variation in 
selectivity on the basis of this mechanism. The mechanism involves initial one-electron oxidation of 
the metal(I) ethene fragment to a metal(II) ethene fragment by dioxygen. Subsequently, the 
metal(II) ethene fragment reacts with a second molecule of dioxygen to a superoxy m etal(III) 
ethene fragment, which rearranges to a metalla(IV)dioxolane fragment. This is then reduced to a 
metalla(III)dioxolane fragment, possibly by another metal(I) ethene fragment or by the superoxide 
anion formed in the one-electron oxidation step.
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Scheme 56. Proposed mechanism o f the dioxygenation o f metal(I) olefin complexes.
Is it possible to explain the formation of two isomeric 3-metalla-1,2-dioxolanes with this 
mechanism? DFT calculations (see experimental section) of the structure of a tpa rhodium(II) 
ethene fragment reveal that two structures, a and b in Scheme 57, lie very close in energy (AE = 0.8 
kcal), suggesting that they w ill both be accessible. In structure a, the ethene fragment is coordinated 
almost trans to one of the pyridine groups, whereas in structure b it is coordinated almost trans to 
the tertiary amine. Selected distances and angles are given in Table 11Table. The transition state 
between the two structures lies only 7.7 kcal above the lowest energy structure a. These calculations 
indicate that in principle both 3-rhoda-1,2-dioxolane isomers can be formed via a rhodium(II) 
ethene complex. Calculations of a tpa iridium(II) ethene complex show the same energy difference 
between the two structures and a slightly higher barrier for interconversion (9.4 kcal/mol).
Although the structure of the rhodium(II) transition state resembles the calculated structure of 
tpa rhodium(I) ethene complex 7+, its rhodium ethene distance is approximately 0.24 Â  larger and 
its ethene C1-C2 distance is approximately 0.06 Â  smaller (Table 11Table). This reflects the larger 
n-back bonding capacity of a rhodium(I) center compared to a rhodium(II) center.
Table 11. Selected distances[Â] and angles [°] o f the calculated structure o f 1+ and the calculated 
structures o f [(tpa)RhII(C2H4) ] 2+ and their transition state.
A  TS B  1+
Rh-C1 2.1890 2.3359 2.2344 2.0990
Rh-C2 2.2055 2.3332 2.1859 2.0876
C1-C2 1.4028 1.3891 1.4017 1.4479
Rh-C1-C2 72.03 72.59 69.64 69.34
Rh-C2-C 1 70.75 72.80 73.40 70.19
C1-Rh-C2 37.23 34.62 36.96 40.46
N1-Rh-C1 148.08 122.65 95.38 121.37
N3-Rh-C2 93.87 122.35 147.74 121.81
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Scheme 57. Calculated conformations o f [(tpa)Rh(II)(C2H4) ] 2+ and their transition state.
Powder X-ray diffraction patterns have shown that powdered 1PF6, 1BPh4, 9PF6 and also 
45aBPh4 are microcrystalline solids. W e assume that the other solid, cationic complexes with their 
respective counterions used are also microcrystalline, but we have not yet validated this. The 
variation of the rhodadioxolane isomer ratio with different counterions used may be the result of 
packing differences in the crystalline phase. These may result in different accessibilities of the 
vacant sites (trans to amine (a) or trans to pyridine (b)) to O2, either in the crystal bulk or at the 
crystal surface.[13] The different isomer ratios obtained with different ligands (tpa ethene complexes 
1BPh4 and 9BPh4 vs. Metpa ethene complex 2BPh4) or in the absence or presence of cocrystallized 
solvent can also be explained by packing differences. For Metpa rhodium ethene complex 2+ steric 
hindrance of the trans-amine vacant site by the pyridine 6-methyl group at the carbon atom may 
hamper formation of isomer 47b+ versus isomer 47a+, since the -CH2 CH 2 - fragment is more 
sterically demanding than the -O-O- fragment.
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Powder X-ray diffraction spectra of tpa rhodium ethene complex 1PF6 and tpa iridium ethene 
complex 9PF6 show that their crystal structures are isomorphous. This indicates that the selectivity 
difference in formation of the isomeric 3-rhodadioxolanes 45aPF6/45bPF6 and 3-iridadioxolanes 
46aPF6/46bPF6 does not stem from different packings of the starting materials. At present, we have 
no explanation for this difference.
4.6. Conclusion
We have achieved, for the first time, selective oxygenation of [M ]!(ethene) (M  = Rh, Ir) fragments 
by air or dioxygen to stable 3-metalla-1,2-dioxolanes. Remarkably, this selective dioxygenation can 
only be achieved for metal ethene fragments embedded in a crystalline matrix. The reasons for this 
difference between solid phase reactivity and solution phase reactivity have not yet been fully 
elucidated. However, our results clearly indicate that not only under the typical conditions of 
heterogeneous catalysis (high pressures and temperatures), but also at room temperature and 
atmospheric pressure, solid-gas reactions should be considered as a useful alternative to 
conventional solution-gas reactions.
Small changes prove to have a large effect on the reactivity of the metal ethene fragments. 
Dioxygenation of tpa rhodium(I) ethene in a PF6- matrix (1PF6) is much faster than that of Metpa 
rhodium(I) ethene in a PF6- matrix (2PF6).[5] The reactivity of N 4Me2 rhodium(I) ethene in a PF6- 
matrix (5PF6) is even higher. More interesting, even the counterion affects the oxidation chemistry; 
oxygenation of 1PF6 results in formation of both stereo-isomeric 3-rhodadioxolanes a and b, 
whereas oxygenation of 1BPh4 only yields isomer a. Also, the presence of a cocrystallized solvent 
molecule affects the selectivity. Whereas dioxygenation of 9BPh4 results in the formation of only 
isomer a, dioxygenation of 9BPh4.acetone results in the formation of both isomers a and b. Thus, it 
appears that these solid-gas reactions provide new opportunities for reaction tuning. Other changes 
at the nitrogen donor ligand, such as substitution of a Py-H3, Py-H4 or Py-H5 by a methyl group, 
w ill probably also influence the stereoselectivity of the reaction via their effect on the crystal 
packings.
Both Mimoun and Read proposed formation of 3-rhoda-1,2-dioxolanes from rhodium peroxo 
ethene complexes.[1a,b] W e failed to observe such peroxo ethene complexes as intermediates in the 
formation of N 4-ligand 3-rhoda-1,2-dioxolanes. Iridium (III) peroxo ethene complexes, obtained 
through reaction of the corresponding iridium(I) ethene complexes with dioxygen in solution have 
proven to be quite stable; rearrangement to the corresponding 3-irida-1,2-dioxolanes is not observed 
at room temperature (however, see also Chapter 6).[4]
In the Mimoun system (Chapter 1, Scheme 11), both ethene and dioxygen are present. We 
believe that a rhodium(I) species, generated after the consecutive elimination of two ketones will 
prefer to react with dioxygen to a rhodium(III) peroxo species and not with ethene to a rhodium(I) 
ethene species. Oxygenation of tpa rhodium(I) propene in a BPh4- matrix (3BPh4) by dioxygen is 
found to result in the loss of propene and the formation of a tpa rhodium peroxo complex. This 
coordinatively saturated rhodium(III) n2-peroxo complex does not react with ethene. A  
coordinatively unsaturated rhodium(III) peroxo species, however, may still allow coordination of 
ethene.
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The presence of acid, as in the Mimoun system, might hamper oxygenation of a coordinatively 
saturated N4-ligand rhodium(I) ethene complex. The coordinated ethene fragment will be a stronger 
base than a peroxo fragment and will be protonated to an ethyl fragment that is coordinated to a 
rhodium(III) center via a very strong Rh-C bond. The use of weaker donor ligands, such as 
chlorides, in a coordinatively unsaturated species may result in a lower basicity of the ethene 
fragment.
Dioxygenation of the iridium propene fragment in 55BPh4 by dioxygen leads to the formation 
of iridium hydroperoxy allyl fragments via allylic oxidation. Interference of allylic oxidation has 
been found earlier in the mono-oxygenation of rhodium and iridium cod fragments by hydrogen 
peroxide (Chapter 3 and references therein). The difficulties encountered in epoxidation of propene 
on silver by dioxygen are also attributed to the C-H activation of the allylic hydrogen of propene.[14] 
Whereas epoxidation of ethene on silver can be performed with selectivities of up to 80%,[14b] the 
analogous epoxidation of propene can only be performed with selectivities of up to a few percent 
(see Chapter 1).[15] We now find that dioxygenation of cationic rhodium(I) and iridium(I) ethene 
fragments embedded in a crystalline matrix is very selectively, whereas dioxygenation of an iridium 
propene fragment mainly leads to allylic oxidation. Thus, our results are consitent with the idea that 
C-H-activation is responsible for the low selectivities obtained in epoxidation of propene on silver.
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4.8. Experimental section
4.8.1. General methods
All procedures were performed under a nitrogen atmosphere using standard Schlenck techniques, unless indicated 
otherwise. Solvents (p.a.) were deoxygenated by bubbling through a stream of nitrogen.
NMR experiments were carried out on a Bruker DPX200, a Bruker AC300, a Bruker WM400, a Varian Inova400, a 
Bruker AVANCE DRX500 and a Bruker AM-500. Solvent shift references for 1H NMR and 13C NMR are: CD3CN 
^(1H) = 1.94 ppm and CD3CN ^(13C) = 118.1 ppm. Abbreviations used are: s = singlet, d = doublet, dd = double 
doublet, t = triplet, dt = double triplet, ddt = double doublet of triplets, q = quartet, m = multiplet, br. = broad. The 13C 
CPMAS spectrum was measured on a Chemagnetics CMX Infinity 400 spectrometer at room temperature. Mass spectra 
(ESI) were recorded on a Finnigan MAT 900S and a Finnigan TSQ 7000 mass spectrometer. Elemental analyses (C, H, 
N) were carried out on an Elementar-Hanau analyzer CHN-O-Rapid. UV/Vis spectra were obtained on a Perkin-Elmer 
Lambda 2 spectrophotometer and an Ocean Optics SD2000 fiber optic spectrometer.
89
Chapter 4
Compounds [(CH2CH2)2RhCl]2,[16] tpa,[17] Metpa,[18] [(Metpa)Rh(CH2CH2)]BPh4/PF6,[6] and 
[(tpa)Rh(CH2CH2)]BPh4/PF6,[6] were prepared according to literature procedures. All other chemicals were either 
synthesized according to the experimental section in Chapter 2 or were obtained commercially and used without further 
purification.
Table 12. Crystallographic data.
45a+
Empirical formula C48H50.50BClN4.50O2.50Rh
Crystal color Transparent yellow
Crystal shape Irregular fragment
Crystal size [mm] 0.29 x 0.22 x 0.13
Formula weight 879.60
T [K] 150(2)
Crystal system Monoclinic
Space group C 2/c
Unit cell dim. from N  refl. 17718
a [Â] 35.8688(5)
b [Â] 10.7328(2)
c [Â] 24.2609(4)
a  [°] 90
ß  [°] 116.6660(10)
y [°] 90
V [Â3] 8346.4(2)
Pcalcd [g-cm-3] 1.400
Z 8
Diffractometer Nonius Kappa CCD 
with rotating anode
Abs. Coefficient (mm-1) 0.520
Scan Area detector, 9  and œ scan
Radiation (graphite mon.) MoKa
Wavelength [Â] 0.71073
F(0 0 0 ) 3656
& range [°] 1.27-27.48
Index ranges -46 < h < 46
-13 < k < 13 
-31 < l < 31
Abs. Corr. None
Measured reflections 17718
Unique reflections 9548
Rint 0.0508
Observed reflections [I0>2c(I0)] 5801
Data/restraints/parameters 9548/184/506
Goodness-of-fit on F 2 0.963
SHELXL-97 weight parameters 0.0586, 0.0000
Final R1, wR2 [I>2c(I)] 0.0459, 0.1080
R1, wR2 [all data] 0.0904, 0.1186
Diff. Peak and hole [e-Â-3] 0.770, -0.508
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4.8.2. X-ray diffraction
Powder X-ray diffraction measurements were carried out on a Philips PW1820/00 diffractometer with automatic 
divergence slit. Crystals of 45aBPh4 were obtained through slow diffusion of diethyl ether into a 1,2- 
dichloroethane/acetonitrile solution. X-Ray diffraction data for 45aBPh4 were collected at 150(2) K on a Nonius 
KappaCCD diffractometer with rotating anode using graphite monochromatized M o la  radiation (Â = 0.71073 Â). The 
structure was solved by the PATTY[19] option of the DIRDIF[20] program system. All nonhydrogen atoms were refined 
with anisotropic temperature factors. All hydrogen atoms were placed at calculated positions and were refined 
isotropically in riding mode. Selected bond lengths and angles are shown in Table 8Table and 9. Other relevant crystal 
data are summarized in Table 12Table. Drawings were generated with the program PLATON.[21]
The 5-membered dioxolane ring has the envelope form and occurs in two conformations. As expected there is 
considerable positional overlap for some of the atoms (C1A and C1B, C2A and C2B, O1A and O1B). Therefore some 
geometrical constraints had to be applied: the two conformations were 'SAMEd' and the anisotropic thermal 
displacement parameters were tied. Calculations (PLATON, Spek 1995)[22] showed two distinct voids, one of 229 Â3, 
containing 68 electrons, around a two-fold axis (position 4e, 0, y, 1/4; y = -0.036), and one of 152 Â3, containing 44 
electrons, around an inversion center (position 4b: 1/2, 0, 0). Based on the synthetic route and evidence from NMR 
spectroscopy it is assumed that these electron densities possibly stand for one molecule diethyl ether (C4H10O, 42 
electrons) plus one molecule acetonitrile (CH3CN, 22 electrons) in the first void (64 electrons, 28.5 Â3/atom), and one 
molecule dichloroethane (C2H4Cl2, 50 electrons) in the second void (30.2 Â3/atom). It was not possible to assign any 
physically meaningful parameters to the electron densities found in the difference fourier map. Therefore the 
SQUEEZE procedure was applied to account for these electron densities.
4.8.3. Calculations
All calculations were carried out with the Turbomole program[23] coupled to the PQS Baker optimizer.[24] Geometries 
were fully optimized as minima or transition states at the ridft[25] BP86 level[26] using the Turbomole SV(P) basisset[27] 
on all atoms (def-SVP pseudopotential basis[28] on Rh and Ir).
4.8.4. Synthesis
(2-Peroxyethyl-K2C'1,0 2)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium (nI)-tetraphenylborate (45aBPh4):
1 BPh4 was powdered with a mortar and exposed to air at room temperature and in the dark for 2 days at atmospheric 
pressure.[5] 45aBPh4 was obtained in >90% yield, as determined by 1H NMR. Crystals obtained from a 1,2- 
dichloroethane solution proved to be unsuitable for X-ray diffraction. The obtained crystals were used, however, for 
elemental analysis. Both 1H NMR and elemental analysis of these crystals showed them to contain 1.5 molecules of 1,2- 
dichloroethane per cation. 'H  NMR (300 MHz, CD3CN, 297 K): £ =  8.75 (d, 1H, 3J(H,H) = 5.4 Hz, Pya-H6), 8.66 (d, 
2H, 3J(H,H) = 5.5 Hz, Pyb-H6), 7.81 (dt, 2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.7 Hz, Pyb-H4), 7.69 (dt, 1H, 3J(H,H) = 7.8 
Hz, 4J(H,H) = 1.7 Hz, Pya-H4), 7.40 (d, 2H, 3J(H,H) = 8.0 Hz, Pyb-H3), 7.35 (m, 3H, Pya-H5 and Pyb-H5), 7.28 (m, 8H, 
BAr-H2), 7.16 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 0.9 Hz, Pya-H3), 6.99 (t, 8H, 3J(H,H) = 7.4 Hz, BAr-H3), 6.84 (t, 
4H, 3J(H,H) = 7.3 Hz, BAr-H4), 4.88 (d[AB], 2H, 2J(H,H) = 15.6 Hz, NCH2Pyb), 4.71 (d[AB], 2H, 2J(H,H) = 15.1 Hz, 
NCH2Pyb), 4.57 (s, 2H, NCH2Pya), 3.25 (t, 2H, 3J(H,H) = 6.1 Hz, RhCH2CH2OO), 2.57 (dt, 2H, 3J(H,H)= 6.1 Hz, 
2J(H,Rh) = 2.4 Hz, RhCH2CH2OO) ppm; 13C{'H} NMR (75 MHz, CD3CN, 297 K): £ =  164.6 (q, 1J(C,B) = 49.5 Hz, 
BAr-C1), 162.7 (Pyb-C2), 158.6 (Pya-C2), 150.1 (Pyb-C6), 149.5 (Pya-C6), 139.4 (Pya-C4), 139.3 (Pyb-C4), 136.5 (BAr- 
C2), 126.4 (q, 3J(C,B) = 2.8 Hz, BAr-C3) , 125.5 (Pyb-C3), 125.4 (Pya-C3), 124.2 (Pyb-C5), 122.6 (BAr-C4), 121.9 
(Pya-C5), 72.9 (NCH2Pya), 70.2 (N-CH2-Pyb and RhCH2CH2OO), 35.0 (d, 1J(C,Rh) = 25.0 Hz, RhCH2CH2OO) ppm; 
ESI-MS (CD3CN): 453 [M-BPhJ+, 425 [M-CH2CH2-BPLJ+, 409 [M-C2H4O-BPL,]+, 393 [M-C2H4O2-BPh4]+, 391 [M- 
C2H4O2-H2-BPLJ+; elemental analysis calcd (%) for 45aBPh4.11/2C2H4Cl2 ^ v ^ B C ^ N A R h ) :  C 61.36, H 5.26, N 
6.09; found: C 61.36, H 5.44, N 6.17.
(2-Peroxyethyl- K2C1,0 2)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^)-rhodium(nI)-hexafluorophosphate (45aPF_ 
6/45bPF6): 1PF6 was powdered with a mortar and exposed to air at room temperature and in the dark for 2 days at 
atmospheric pressure.[5] A mixture of 45aPF6 and 45bPF6 in an approximate ratio of 1:1 was obtained in >90% yield, as
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determined by 'H  NMR. The data for 45bPF6 are given: 'H  NMR (500 MHz, CD3CN, 298 K): 8  = 8.86 (d, 1H, 3J(H,H) 
= 5.4 Hz, Pya-H6), 8.56 (d, 2H, 3J(H,H) = 5.4 Hz, Pyb-H6), 7.83 (dt, 2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.4 Hz, Pyb-H4),
7.63 (t, 1H, 3J(H,H) = 7.3 Hz, Pya-H4), 7.48 (d, 2H, 3J(H,H) = 7.8 Hz, Pyb-H3), 7.35 (t, 2H, 3J(H,H) = 6.6 Hz, Pyb-H5), 
7.25 (m, 1H, Pya-H5), 7.14 (d, 1H, 3J(H,H) = 7.8 Hz, Pya-H3), 5.12 (d[AB], 2H, 2J(H,H) = 15.6 Hz, NCH2Pyb), 5.00 
(d[AB], 2H, 2J(H,H) = 15.6 Hz, NCH2Pyb), 4.80 (s, 2H, NCH2Pya), 3.55 (dt, 2H, 3J(H,H) = 6.1 Hz, 2J(H,Rh) = 2.4 Hz, 
RhCH2CH2OO), 3.41 (t, 2H, 3J(H,H) = 6.1 Hz, RhCH2CH2OO) ppm; 13C{'H} NMR (50 MHz, CD3CN, 300 K): 8  =
164.6 (Pyb-C2), 162.7 (Pya-C2), 152.5 (Pya-C6), 150.5 (Pyb-C6), 139.7 (Pyb-C4), 138.7 (Pya-C4), 125.9 (Pyb-C3), 125.5 
(Pya-C3), 124.6 (Pyb-C5), 122.6 (Pya-C5), 72.8 (RhCH2CH2OO), 67.9 (NCH2Pyb), 65.4 (NCH2Pya), 44.8 (d, 1J(C,Rh) =
28.8 Hz, RhCH2CH2OO) ppm; ESI-MS (CD3CN): 453 [M-PF6]+, 425 [M-CH2CH2-PF6]+, 409 [M-C2H4O-PF6]+, 393 
[M-C2H4O2-PF6]+, 391 [M-C2H4O2-H2-PF6]+.
(2-Peroxyethyl- K2C1,0 2)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-iridium (In)-tetraphenylborate (46aBPh4) :
9BPh4 was powdered with a mortar and exposed to air for 5 days.[5] 46aBPh4 was obtained in >90% yield, as 
determined by 'H  NMR. 'H  NMR (500 MHz, CD3CN, 243 K): 8 =  8.67 (m, 3H, Py-H6), 7.77 (dt, 2H, 3J(H,H) = 7.8 
Hz, 4J(H,H) = 1.6 Hz, Pyb-H4), 7.68 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pya-H4), 7.38 (d, 2H, 3J(H,H) = 7.7 
Hz, Pyb-H3), 7.30 (m, 3H, Py-H5), 7.26 (m, 8H, BAr-H2), 7.16 (d, 1H, 3J(H,H) = 7.7 Hz, Pya-H3), 6.98 (t, 8H, 3J(H,H) 
= 7.5 Hz, BAr-H3), 6.82 (t, 4H, 3J(H,H) = 7.3 Hz, BAr-H4), 4.92 (d[AB], 2H, 2J(H,H) = 15.4 Hz, NCH2Pyb), 4.67 
(d[AB], 2H, 2J(H,H) = 15.4 Hz, NCH2Pyb), 4.56 (s, 2H, NCH2Pya), 2.54 (t, 2H, 3J(H,H) = 6.2 Hz, RhCH2CH2OO), 2.03 
(t, 2H, 3J(H,H) = 6.2 Hz, RhCH2CH2OO) ppm; 13C{'H} NMR (125 MHz, CD3CN, 243 K): 8 =  164.8 (Pyb-C2), 163.9 
(q, J  (C,B)= 49.2 Hz, BAr-C1), 159.3 (Pya-C2), 149.0 (Pyb-C6), 148.1 (Pya-C6), 138.5 (Pya-C4), 138.0 (Pyb-C4), 135.8 
(q, 2J(C,B) = 1.3 Hz, BAr-C2), 126.1 (q, 3J(C,B) = 2.9 Hz, BAr-C3), 124.9 (Pyb-C3/5 and Pya-C3/5), 123.9 (Pyb-C3/5),
122.1 (BAr-C4), 121.3 (Pya-C3/5), 72.1 (NCH2Pyb), 71.8 (NCH2Pya or IrCH2CH2OO), 71.1 (NCH2Pya or 
IrCH2CH2OO), 15.8 (IrCH2CH2OO) ppm.
(2-Peroxyethyl-K2C1,0 2)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^)-iridium(In)-hexafluorophosphate 
(46aPF6/46bPF6): 9PF6 is powdered with a mortar and exposed to air for 5 days.[5] A mixture of the isomeric 3-irida- 
1,2-dioxolanes 46aPF6 and 46bPF6 in an approximate ratio of 2:5 is formed in >90% yield, as determined by 'H NMR. 
The data for 46bPF6 are given: 'H  NMR (500 MHz, CD3CN, 243 K): 8=  8.93 (d, 1H, 3J(H,H) = 5.5 Hz, Pya-H6), 8.58 
(d, 2H, 3J(H,H) = 5.13 Hz, Pyb-H6), 7.75 (dt, 2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.3 Hz, Pyb-H4), 7.56 (dt, 1H, 3J(H,H) =
7.8 Hz, 4J(H,H) = 1.3 Hz, Pya-H4), 7.42 (d, 2H, 3J(H,H) = 8.1 Hz, Pyb-H3), 7.27 (t, 2H, 3J(H,H) = 6.2 Hz, Pyb-H5), 7.15 
(m, 2H, Pya-H5 and Pya-H3), 5.04 (d[AB], 2H, 2J(H,H) = 15.4 Hz, NCH2Pyb), 4.94 (d[AB], 2H, 2J(H,H) = 15.8 Hz, 
NCH2Pyb), 4.76 (s, 2H, NCH2Pya), 2.69 (t, 2H, 3J(H,H) = 6.7 Hz, IrCH2CH2OO), 2.63 (t, 2H, 3J(H,H) = 6.7 Hz, 
IrCH2CH2OO) ppm; 13C-NMR (125 MHz, CD3CN, 243 K): 8 =  165.9 (Pyb-C2), 162.6 (Pya-C2), 152.4 (Pya-C6), 149.5 
(Pyb-C6), 138.7 (Pyb-C4), 137.3 (Pya-C4), 125.3 (Pyb-C3/5), 125.1 (Pya-C3/5), 124.2 (Pyb-C3/5), 121.8 (Pya-C3/5), 71.6 
(IrCH2CH2OO), 69.2 (NCH2Pyb), 66.4 (NCH2Pya), 23.9 (IrCH2CH2OO) ppm.
(2-Peroxyethyl-K2C1,0 2)-(3,11-dimethyl-3,11,17,18-tetraazatricyclo[11.3.1.15’9]-octadeca-1(17),5(18),6,8,13,15- 
h ex aen e-K W ^^^ ^-rh o d iu m ^ID -h ex aflu o ro p h o sp h ate  (48PF6): 5PF6 was exposed to an oxygen atmosphere at 
room temperature for 5 days at atmospheric pressure.[5] The color changed from red to yellow ochre. 'H  NMR (200 
MHz, CD3CN, 298 K): 8 =  7.75 (t, 1H, 3J(H,H) = 7.9 Hz, Py-H4), 7.66 (t, 1H, 3J(H,H) = 7.9 Hz, Py-H4), 7.28 (d, 2H, 
3J(H,H) = 7.8 Hz, Py-H3/5), 7.14 (d, 2H, 3J(H,H) = 7.8 Hz, Py-H3/5), 4.57 (d[AB], 2H, 2J(H,H) = 15.3 Hz, NCH2Py), 
4.36 (d[AB], 2H, 2J(H,H) = 16.6 Hz, NCH2Py), 4.16 (d[AB], 4H, 2J(H,H) = 15.2 Hz, NCH2Py), 3.66 (dt, 2H, 3J(H,H) =
6.4 Hz, 3J(H,Rh) = 0.7 Hz, RhCH2CH2OO), 2.90 (dt, 2H, 3J(H,H) = 6.5 Hz, 2J(H,Rh) = 2.5 Hz, RhCH2CH2OO), 2.71 
(d, 6H, 3J(H,Rh) = 1.2 Hz, NCH3) ppm; 13C{'H} NMR (125 MHz, CD3CN, 243 K): 8 =  157.0 (Py-C2/6), 155.0 (Py- 
C2/6), 139.3 (Py-C4), 138.2 (Py-C4), 121.6 (Py-C3/5), 120.8 (Py-C3/5), 74.4 (NCH2Py), 72.5 (NCH2Py), 71.7 
(RhCH2CH2OO), 50.1 (NCH3), 30.3 (d, J(C,Rh) = 25 Hz, RhCH2CH2OO) ppm; ESI-MS (CH3CN): 431 [M-PF6]+.
(Peroxo-K20 1,0 2)-(^,^,^-tri(2-pyridylm ethyl-K^)am ine-K^)-rhodium (In)-tetraphenylborate (49BPh4): Complex 
3BPh4 was exposed to air for 3 days.[5] 49BPh4 was obtained in >90% yield, as determined by 'H  NMR. 'H NMR (500 
MHz, CD3CN, 233 K): 8  = 9.23 (d, 1H, 3J(H,H) = 5.5 Hz, Pya-H6), 8.37 (d, 2H, 3J(H,H) = 5.1 Hz, Pyb-H6), 7.77 (dt,
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2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pyb-H4), 7.65 (dt, 1H, J(H ,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pya-H4), 7.34 (d, 
2H, 3J(H,H) = 7.7 Hz, Pyb-H3), 7.28 (m, 11H, BAr-H2, Py-H5), 7.12 (d, 1H, 3J(H,H) = 7.7 Hz, Pya-H3), 6.98 (t, 8H, 
3J(H,H) = 7.3 Hz, BAr-H3), 6.81 (t, 4H, 3J(H,H) = 7.2 Hz, BAr-H4), 5.21 (d[AB], 2H, 2J(H,H) = 16.1 Hz, NCH2Pyb),
4.82 (d[AB], 2H, 2J(H,H) = 16.1 Hz, NCH2Pyb), 4.53 (s, 2H, NCH2Pya) ppm; 13C{'H} NMR (125 MHz, CD3CN, 233 
K): 8 =  163.8 (q, 1J(C,B) = 49.2 Hz, BAr-C1), 162.8 (Pyb-C2), 159.8 (Pya-C2), 152.5 (Pya-C6), 150.1 (Pyb-C6), 139.4 
(Pyb-C4), 139.1 (Pya-C4), 135.6 (BAr-C2), 126.0 (q, 3J(C,B) = 2.7 Hz, BAr-C3), 125.4 (Pyb-C3/5), 123.4 (Pyb-C3/5),
122.1 (BAr-C4), 121.8 (Pya-C3/5), 70.4 (NCH2Pyb), 67.6 (NCH2Pya) ppm. (The signal for Pya-C3/5 is obscured by one 
of the other signals); ESI-MS (CH3CN): 425 [M-BPh4]+, 393 [M-O2-BPL,]+, 467 [?]+.[10]
(Hydroperoxy)-(hydroxy)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^}-rhodium(In)-tetraphenylborate (50BPh4):
Complex 49BPh4 was exposed to a N2 atmosphere saturated with water for 3 days.[5] 50BPh4 was obtained in >90% 
yield, as determined by 'H  NMR. 'H  NMR (200 MHz, CD3CN, 300 K): 8 =  8.76 (d, 1H, 3J(H,H) = 5.9 Hz, Pya-H6), 
8.70 (d, 2H, 3J(H,H) = 5.7 Hz, Pyb-H6), 7.86 (dt, 2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pyb-H4), 7.69 (dt, 1H, 
3J(H,H) = 7.8 Hz, 4J(H,H) = 1.7 Hz, Pya-H4), 7.5-7.3 (m, 5H, Pyb-H3 and Py-H5), 7.28 (m, 8H, BAr-H2), 7.11 (d, 1H, 
3J(H,H) = 7.8 Hz, Pya-H3), 6.99 (t, 8H, 3J(H,H) = 7.3 Hz, BAr-H3), 6.83 (t, 4H, 3J(H,H) = 7.0 Hz, BAr-H4), 5.35 
(d[AB], 2H, 2J(H,H) = 15.5 Hz, NCH2Pyb), 4.75 (m, 4H, NCH2Pyb and NCH2Pya) ppm; ESI-MS (CH3CN): 443 [M- 
BPh4]+, 425 [M-H2O-BPh4]+, 410 [M-HO2-BPh,]+, 393 [M-OH-O2H-BPh4]+, 300 [M-CH2C5H4N-O2H-H2O-BPh4]+.
(Hydroperoxy)-(allyl-KC1)-(N -(2-pyridylmethyl)-N ,N-di(2-pyridylmethyl-KN )amine-KN )-iridium(III)- 
tetraphenylborate (51aBPh4 and 51bBPh4): Solid propene complex 10BPh4 was exposed to dioxygen for one day.[5] 
A mixture of at least 5 complexes was obtained. The 'H NMR and 13C NMR data of the allyl fragments of the two 
major components are given: 51aBPh4: 'H NMR (400 MHz, CD3CN, 302 K): 8  = 5.57 (ddt, 1H, 3J(H,H) = 8.5 Hz, 
3J(H,H) = 9.8 Hz, 3J(H,H) = 16.9 Hz, IrCH2CHCH2), 4.72 (m, 1H, IrCH2CHCH2), 4.45 (dd, 1H, 3J(H,H) = 9.9 Hz, 
2J(H,H) = 2.6 Hz, IrCH2CHCH2), 2.75 (d, 2H, 3J(H,H) = 8.7 Hz, IrCH2CHCH2) ppm; 13C{'H} NMR (75 MHz, CD3CN, 
300 K): 8  = 148.4 (IrCH2CHCH2), 107.4 (IrCH2CHCH2), 4.4 (IrCH2CHCH2) ppm; 51bBPh4: 'H NMR (400 MHz, 
CD3CN, 302 K): 8 =  6.22 (ddt, 1H, 3J(H,H) = 8.5 Hz, 3J(H,H) = 9.8 Hz, 3J(H,H) = 17.0 Hz, IrCH2CHCH2), 5.26 (ddt, 
1H, 2J(H,H) = 2.7 Hz, 3J(H,H) = 17.0 Hz, 4J(H,H) = 1.3 Hz, IrCH2CHCH2), 5.07 (ddt, 1H, 2J(H,H) = 2.9 Hz, 3J(H,H) =
9.8 Hz, IrCH2CHCH2), 3.33 (d, 2H, 3J(H,H) = 8.4 Hz, IrCH2CHCH2) ppm; 13C{'H} NMR (75 MHz, CD3CN, 300 K): 8 
= 148.5 (IrCH2CHCH2), 108.8 (IrCH2CHCH2), 10.1 (IrCH2CHCH2) ppm; ESI-MS (Mixture; CH3CN): 557 [M-BPh4]+, 
541 [M-O-BPh4]+, 524 [M-O2H-BPh4]+, 522 [M-O2H-H2-BPh4]+.
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Reactivity of 3-metalla-1,2-dioxolanes
5.1. Introduction
Since 3-metalla-1,2-dioxolanes have often been proposed as intermediates in metal-catalyzed 
oxygenations, several proposals have been made about the reactivity of these dioxolanes. In the 
rhodium-catalyzed olefin oxidation, Mimoun proposed decomposition of a 3-rhoda-1,2-dioxolane to 
a rhodium oxo complex and acetaldehyde (Scheme 58a; M = Rh).[1] In the molybdenum-catalyzed 
oxidation of olefins, however, Mimoun proposed decomposition of 3-molybdena-1,2-dioxolanes to 
a molybdenum oxo complex and ethylene oxide (Scheme 58b).[2] Calculations by Frenking et al. 
have shown that the latter would lead to the formation of acetaldehyde instead of ethylene oxide 
(Scheme 58a; M = Mo).[3]
95
Chapter 5
a) U U M = Mo, Rh
M + 
U
H
U
H V7 
b) M o ^ T H  -  Mo + u 
V U U
Scheme 58. Proposed mechanisms for rearrangement o f 3-metalla-1,2-dioxolanes to a metal oxo 
species and acetaldehyde (a);[1,32 or ethylene oxide (b).[22
Read has proposed the conversion of a 3-rhodadioxolane to a 2-rhodaoxetane via O atom 
transfer to a coordinated phosphane (Scheme 59).[4]
H H
R h ^  7^ h ------ r O < h
Ph3p ' V U Ph3PU  U H
Scheme 59. Conversion o f a 3-rhodadioxolane to a 2-rhodaoxetane. [42
Although proposed as intermediates, no stable, unsubstituted 3-metalladioxolanes had been 
obtained prior to our work. W e have now isolated 3-rhoda- and 3-iridadioxolanes (see Chapter 4), 
and here report on their reactivity. Part of this work has been published.[5]
5.2. From 3-metalla-1,2-dioxolanes to metal formylmethyl hydroxy complexes
5.2.1. Rhodium tpa complexes
Exposure of microcrystalline 45aBPh4 to glass-filtered daylight (A > 320 nm) for several weeks 
under a nitrogen atmosphere resulted in selective conversion to the corresponding rhodium 
formylmethyl hydroxy complex 52aBPh4 (Scheme 60). Analogously, exposure of a solution of 
45aBPh4 in CD3CN to the glass-filtered light of a high-pressure mercury lamp at -30°C resulted in 
conversion to 52aBPh4. Monitoring of this reaction by 1H  N M R indicated that an optimum yield of 
90% 52aBPh4 is obtained after 90 minutes of illumination in our setup (see experimental section).
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45a+: M = Rh 
46a+: M = Ir
52a+: M = Rh 
53a+: M = Ir
45b+: M = Rh 
46b+: M = Ir
52b+: M = Rh 
53b+: M = Ir
Scheme 60. Rearrangement o f 3-metalla-1,2-dioxolanes to metal formylmethyl hydroxy complexes.
The ESI-M S spectrum of 52a+ is the same as that of 45a+, except that the spectrum of 52a+ 
shows an additional peak at m/z = 435, corresponding to loss of water from the parent cation (base 
peak, m/z = 453). Such loss of water in the gas-phase has been observed earlier for the transient 
formylmethyl hydroxy complex [(MeCN)(Bzbpa-K3)Rh(CH2CHO-K1)(O H )]BPh4 (54BPh4).[6,7] This 
is the only other formylmethyl hydroxy complex reported thus far.
The 1H  N M R and 13C N M R 
spectra of 52aPh4 show signals 
typical of a KC1-formylmethyl 
group, similar to those found in 
54BPh4 (Table 13Table and 14).[7]
Complex 52a+ shows a strong IR  
absorption at 1655 cm-1, in 
accordance with the presence of a 
carbonyl group.
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Table 13. 1H  NMR chemical shifts (ppm) and coupling constants (Hz) o f the RhCH2CHO-fragments 
in CD3CN.
Compound ^(MCH2) Ô(CHO) V (H ,H ) V(H ,Rh)
52a+ 2.69(dd) 9.26(t) 5.1 2.9
52b+ 3.47(dd) 9.98(t) 4.9 2.9
53a+ 3.07(d) 9.21(t) 5.2 -
53b+ 3.66(d) 10.11(t) 4.9 -
56+ 3.14(dd) 9.57(t) 5.4 3.2
55a2+ 3.05(dd) 9.51(t) 4.9 2.7
59a+ 3.23(dd) 9.53 (t) 4.7 2.5
60a+ 3.39(d) 9.46(t) 4.8 -
57+ 3.21(dd) 9.70(t) 5.5 2.8
Table 14. 13C NMR chemical shifts (ppm) and coupling constants (Hz) o f the RhCH2CHO- 
fragments in CD3CN.
Compound ^(MCH2) ^(CHO) 1J(C ,Rh )
52a+ 26.9(d) 209.0(s) 21.0
52b+ 34.5(d) 210.8(s) 25.0
53a+ 16.3(s) 209.4(s) -
53b+ 20.7(s) 211.2(s) -
56+ 33.4(d) 207.7(s) 21.2
55a2+ 27.8(d) 206.7(d) 20.4
59a+ 28.1(d) 210.1(s) 20.7
60a+ 14.8(s) 211.1(s) -
Analogous to microcrystalline 3-rhoda-1,2-dioxolane 45aBPh4, the microcrystalline mixture of 
the stereo-isomeric 3-rhoda-1,2-dioxolanes 45aPF6 and 45bPF 
photochemically to a mixture of the corresponding stereo-isomeric 
formylmethyl hydroxy complexes 52aPF6 and 52bPF6 
(52aPF6/52bPF6; Scheme 60). However, 45aBPh4 and 
45aPF6/45bPF6 reacted differently upon exposure to a H 2O 
saturated N2 atmosphere at room temperature; whereas 45aBPh4 
proved stable, 45aPF6/45bPF6 rearranged to 52aPF6/52bPF6. Since 
52aPF6/52bPF6 proved stable under dry N 2, this reactivity must 
have been triggered by the presence of H2O. There is no obvious 
mechanism by which H2O would directly cause the O-O bond
(45aPF6/45bPF6) rearranges
55a2+
6
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breaking of the rhodadioxolane, so we considered the possibility that traces of acid (possibly 
generated from hydrolysis of a small amount of PF6- to PF2O2- and H F) catalyzed the conversion. 
Hydrolysis of PF6- to PF2O2- has been reported before.[8]
To investigate proton-assisted ring opening in solution, 0.1 equivalent of the acid 
[H (OEt2)2]B [C 6H3(CF3)2]4 (H BA rF4) was added to a solution of 45aBPh4 in CD3CN. In a typical 
experiment 1H  N M R showed that 45a+ was converted to formylmethyl hydroxy complex 52a+ 
(87%) and to a small amount (8% ) of formylmethyl aqua complex 55a2+ (i.e. protonated 52a+) 
within 10 minutes.[9] Likewise, addition of 1.1 equivalent of H BA rF4 to a solution of 45aBPh4 
resulted in the formation of 55a2+ in approximately 85% yield within 10 minutes, the remainder 
being a mixture of unidentified complexes.[9] In the latter case any 52a+ formed is apparently 
directly protonated. This protonation results in a downfield shift of the Rh-CH2-CHO and Rh-CH2- 
CHO 1H  N M R  signals from 5  = 2.69 to 5  = 3.05 ppm and from 5  = 9.26 to 5  = 9.51 ppm, 
respectively. The base-peak in the ESI-M S spectrum of the obtained solution has the correct isotope 
distribution pattern for 55a2+ (m/z = 227). As demonstrated by its formylmethyl 1H  N M R signals, a 
trace of 55a2+ also forms in the conversion of solid 45aPF6/45bPF6 to 52aPF6/52bPF6 under N 2 
saturated with H2O. This supports our hypothesis of acid-catalyzed ring opening in the solid state.
Upon addition of acid to an acetonitrile solution of 2-rhodaoxetane 18b+, the Rh-O bond breaks 
and actonitrile is inserted (see Chapter 3, Scheme 30). Upon protonation of 3-rhodadioxolane 45a+, 
however, the O-O bond is broken, instead of the Rh-O bond. No insertion of acetonitrile is 
observed.
t /min ^
Figure 7. Relative intensities o f 1H NMR signals o f the rhodadioxolane fragments o f 45a+ and 45b+ 
upon exposure to glass-filtered daylight.
The stereo-isomeric 3-rhodadioxolanes 45a+ and 45b+ clearly differ in their photo-reactivity: 
upon exposure of a CD3CN solution of 45a+ and 45b+ to glass-filtered daylight at room
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temperature, the relative intensities of the 1H  N M R  2-peroxyethyl signals show that the initial 
reaction rate of 45b+ is three times higher than that of 45a+ (Figure 7).
Formylmethyl hydroxy complexes 52a+ and 52b+ decompose to a mixture of unidentified 
products in solution at room temperature upon prolonged exposure to light.
5.2.2. Iridium  tpa complexes
Both 46a+ and 46b+ selectively rearrange to iridium formylmethyl hydroxy complexes (53a+ and 
53b+) upon exposure to light (Scheme 60). The ESI-M S spectra of 53aBPh4 and 53aPF6/53bPF6 
show the expected base peak for the iridium formylmethyl hydroxy complexes 53a+ and 53b+ at m/z 
= 543. The daughter ion spectrum of 53a+ showed a peak at m/z = 525, corresponding to loss of 
water from the parent cation.
There is a large difference in reactivity between 3-rhodadioxolanes and 3-iridadioxolanes: 3- 
iridadioxolanes rearrange to formylmethyl hydroxy complexes in solution at room temperature, 
whereas 3-rhodadioxolanes need photons (320 < X < 500 nm; 57 < E  < 89 kcal/mol) or protons for 
rearrangement. Heating a CD3CN solution of 3-rhodadioxolane 45aBPh4 to 50°C for 16 hours did 
not result in any reaction at all. Heating the same solution to 70°C for 20 hours showed significant 
decomposition of the rhodadioxolane to a mixture of unidentified products. No formation of a 
formylmethyl hydroxy complex was observed. Possibly, iridadioxolanes are more sensitive to traces 
of adventitious acid (e.g. on the inner surface of the Schlenck vessel) than rhodadioxolanes. 
Another possibility is that water is a strong enough acid to effect the rearrangement of the 
iridadioxolanes. Finally, an alternative conversion mechanism, not requiring any acid, may be 
involved in case of the iridadioxolanes.
The iridium formylmethyl hydroxy complexes 53a+ and 53b+ are stable in acetonitrile solution 
at room temperature under visible light, whereas the rhodium analogues decompose under these 
conditions.
5.2.3. Rhodium N4Me2 complexes
Both in the presence and absence of visible light, solid mono-ethene complex 5PF6 reacts with air 
at room temperature within a few days to a mixture of a formylmethyl hydroxy complex and a 
formylmethyl hydrogen carbonate complex in varying ratios (a typical ratio being 5:1), based on the 
1H  N M R  data in CD3CN (Scheme 61). The ESI-M S spectrum of the mixture in CH3CN showed a 
base peak at m/z = 431, corresponding to formylmethyl hydroxy complex 56+, and a peak at m/z = 
475, corresponding to formylmethyl hydrogen carbonate complex 57+. Probably, water in the air 
has triggered acid-catalyzed rearrangement of the initially formed rhodadioxolane to the 
corresponding rhodium formylmethyl hydroxy complex. Although rearrangement upon exposure to 
a water-saturated nitrogen atmosphere at room temperature had been observed for tpa complexes 
(see above), rearrangement upon exposure to air had not been observed before. Furthermore, the 
resulting formylmethyl hydroxy complex 56+ has partially reacted with carbon dioxide from the air, 
to give 57+. The latter reaction had not been observed for the tpa complexes either.
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Scheme 61, Formation and rearrangement o f rhodadioxolane 48+ and subsequent reaction with 
CO2.
Upon exposure of solid 48PF6 (obtained through dioxygenation of 5PF6 by dioxygen; Chapter 
4) to visible light under a nitrogen atmosphere, rearrangement to 56PF6 occurs, as shown by ESI- 
M S, 1H  N M R and 13C N M R spectra of the product in CD3CN (Table 13Table and 14). Exposure of 
48PF6 to water-saturated nitrogen at room temperature also leads to formation of 56PF6, possibly 
due to generation of HF by hydrolysis of the PF6- counterion (see above).
5.3. UV/Vis spectra
Rearrangement of 45aBPh4 to 52aBPh4 takes place upon illumination with glass-filtered light (X > 
320 nm). Exposure to daylight filtered up to X = 500 nm does not result in rearrangement to 
52aBPh4. Rearrangement apparently occurs at 320 < X < 500 nm. The UV/Vis spectrum of 45aBPh4 
is shown in Figure 8a. It shows a very weak absorbance above 320 nm. The UV/Vis spectrum of 
45aPF6/45bPF6 does not show a large absorbance above X = 320 nm either (Figure 8b).
Possibly one electron is excited from the G-orbital of the Rh-O bond to the G*-orbital resulting 
in a weakening of the Rh-O bond. This is subsequently compensated for by electron density from 
the O-O bond, resulting in fast homolytic splitting to give a diradical complex (see below).
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Wavelength (nm) Wavelength (nm)
Figure 8. UV/Vis spectra of: a) 45aBPh4 and b) 45aPFg/45bPF6 in CH3CN; e in 1000 cm2m ol1.
As mentioned in paragraph 2.1, the two stereo-isomeric rhodadioxolanes 45a+ and 45b+ differ 
in their photochemical reactivity. This can be either due to a difference in absorbance or due to a 
difference in quantum efficiency. The absorbance at 320 nm < X < 500 nm is only a tail of one of 
the bands at smaller X. Small differences in absorbance at this X can result in relatively large 
differences in absorbance in the tail of this band. Also, the balance between relaxation of the excited 
complex to the ground state and rearrangement to a rhodium formylmethyl hydroxy complex could 
be different for the two isomeric dioxolanes.
5.4. Mechanisms
We propose that the photochemical rearrangement of 3-metalla-1,2-dioxolanes to formylmethyl 
hydroxy complexes involves photolysis of the metalladioxolane O-O bond, followed by abstraction 
of a ß-hydrogen atom from -CH2-CH2-O' by -O' (Scheme 62). In the solid state, the puckering of the 
3-rhoda-1,2-dioxolane ring of 45b+ already positions one ß-hydrogen close to Oa (Chapter 4, Figure 
6). Therefore, this reaction would not be hindered by the constraints of the lattice (see below).
H
mO / ^ hN Co hv
H
M ^ =f ~  H
'O - 0
M
©
q )
H
M 10
O-H O-H
Scheme 62. Mechanism o f photorearrangement o f 3-metalla-1,2-dioxolanes.
A  possible mechanism for the acid-catalyzed ring opening is shown in Scheme 63. Protonation 
of the metalladioxolane at Oa, the most nucleophilic oxygen atom, is proposed to be the first step. 
Deprotonation at Cß by an external nucleophile, followed by heterolytic splitting of the O-O bond 
and formation of a C=O double bond then results in the formation of a metal formylmethyl hydroxy 
complex.
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Scheme 63. Mechanism o f the proton assisted rearrangement o f 3-metalla-1,2-dioxolanes.
To find support for the proposed proton assisted mechanism, we have attempted to calculate the 
barrier for ß-proton abstraction from a protonated 3-rhoda-1,2-dioxolane. In order to do so, we have 
performed DFT calculations on the structure of a protonated 3-rhoda-1,2-dioxolane with the 
nucleophile ammonia positioned close to the ß-hydrogen atom. We have constrained the Cß-Hß 
distance at 1.0-1.4 Â. The resulting energies are shown in Figure 9.
Cß-Hß d istance [Â ]
Figure 9. Calculated energies for a protonated rhodadioxolane at different Cß-Hß distances.
The structures calculated for Cß-Hß = 1.0 and Cß-Hß = 1.4 Â are shown in Figure 10. The 
structure for Cß-Hß = 1.0 Â is clearly still a protonated dioxolane (Hß-Nammoma = 2.004 Â), whereas 
the structure for Cß-Hß = 1.4 Â is already a formylmethyl hydroxy complex (Hß-Namm0ma = 1.162 
Â). From Figure 9 it is clear that upon going from Cß-Hß = 1.0 Â to Cß-Hß = 1.4 Â the protonated 
rhodadioxolane ammonia adduct decreases in energy. Thus, deprotonation of the protonated 
dioxolane at the ß-carbon atom by ammonia is barrierless. Weaker or sterically more demanding 
bases might experience a larger barrier for the deprotonation of Cß. The true barrier for the proton 
assisted rearrangement of 3-rhoda-1,2-dioxolanes to formylmethyl hydroxy complexes is probably 
protonation at Oa.
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Figure 10. Calculated structures at Cß-Hß = 1.0
5.5. Other 3-rhoda-1,2-dioxolane reactivity
In the 1980’s Read et al. proposed 3-rhodadioxolanes to be intermediates in the co-oxygenation of 
olefins and triphenylphosphane to ketones and triphenylphosphane oxide (Scheme 64).[4] The 3- 
rhodadioxolane was proposed to convert to a 2-rhodaoxetane via mono-oxygenation of the 
coordinated triphenylphosphane. The resulting product then successively loses triphenylphosphane 
oxide and the ketone. Our findings do not provide any support for such a mechanism. 3-Rhoda-1,2- 
dioxolanes 45a+ , 45b+ and 48+ do not react with triphenylphosphane in acetonitrile and the 
formation of 2-rhodaoxetanes from 3-rhoda-1,2-dioxolanes has never been observed. The reason the 
lack of reactivity of 45a+ might be the inaccessibility of the bulky triphenylphosphane to the 
rhodadioxolane Oa. Complexes 45b+ and 48+ are, however, less sterically hindered than complex 
45a+. In these complexes, the rhodadioxolane Oa should be accessible to triphenylphosphane. A  
reason for the lack of reactivity of the dioxolanes towards triphenylphosphane could be the 
nucleophilic character of Oa. Reaction with triphenylphosphane requires an electrophilic oxygen 
atom.
Rh 
/  \
O O
R PPh3 R ,R 
Rh O O
Ph3P
Scheme 64. Mechanism proposed by Read for the co-oxygenation o f olefins and 
triphenylphosphane!4
A  mer-Me3tpa iridium peroxo ethene complex with co-planar, meridionally bound peroxo and 
ethene fragments, has been isolated before (58a+, Scheme 65).[10] This complex also does not show
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any reactivity towards triphenylphosphane. Perhaps a fac-Me3tpa peroxo ethene complex (58b+ 
Scheme 65) would react with triphenylphosphane to give a 2-rhodaoxetane (Chapter 6).
1  +
58a+ 58b+
Scheme 65. Iridium peroxo ethene complexes. [10]
To investigate the reactivity of the obtained 3-rhoda-1,2-dioxolanes, we have exposed CD3CN 
solutions of 45aBPh4 to ethene, hydrogen peroxide and carbon dioxide. No reactivity was found 
towards either of these reactants, indicating that this rhodadioxolane is very stable. The only 
observed reactivity thus far is its rearrangement to the corresponding rhodium formylmethyl 
hydroxy complexes upon exposure to photons or protons. One of the reasons for the lack of 
reactivity towards triphenylphosphane, ethene, hydrogen peroxide and carbon dioxide might be the 
fact that the 18e complex 45a+ has no vacant coordination site.
+
5.7. Reactivity of formylmethyl hydroxy complexes
5.7.1. Reactivity towards CO2
Solid formylmethyl hydroxy complex 56PF6 was found to react with carbon dioxide (0.03 % ) from 
the air (see above, Scheme 58). The rhodium and iridium formylmethyl hydroxy complexes 
52aBPh4 and 53aBPh4, however, did not react with carbon dioxide from the air. When CD3CN 
solutions of 52aBPh4 and 53aBPh4 were exposed to gaseous CO2, full conversion to the 
corresponding formylmethyl hydrogen carbonate complexes 59aBPh4 and 60aBPh4 was observed 
(Scheme 66). Upon removal of the CO2 atmosphere, CO2 was released and the formylmethyl 
hydroxy complexes 52aBPh4 and 53aBPh4 were regenerated.
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52a+: M = Rh 59a+: M = Rh 
53a+: M = Ir 60a+: M = Ir
Scheme 6 6 . Reversible reaction o f formylmethyl hydroxy complexes 52a and 53a+ with CO2.
The above system can be viewed as a model of human carbonic anhydrase I I  (HCA II), the zinc 
enzyme that catalyzes hydrolysis of CO2 to HCO 3 " and H+. The zinc(II) cation is coordinated to the 
imidazole groups of three histidine fragments in the enzyme. The catalytic hydrolysis by HCA II is 
up to 107 times faster than the uncatalyzed reaction.[11] The generally accepted mechanism is shown 
in Scheme 67.[12] It involves direct attack of the zinc coordinated OH at uncoordinated CO2. In view 
of the coordinative saturation of 52a+ and 53a+, we propose a similar mechanism for the CO2 
insertion into the M-OH bond (M  = Rh, Ir).
Scheme 67. Mechanism o f the zinc-catalyzed CO2 hydrolysis.
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Several models for HCA I I  have been prepared.[13] These models usually contain zinc(II). Other 
metal centers have also been used to study the underlying mechanism of HCA-catalyzed CO2 
hydrolysis.[14] Insertion of CO2 into a M-OH bond is a fairly common reaction.[15] Reversible 
formation of hydrogen carbonate complexes from rhodium and iridium hydroxy complexes has 
been reported.[16]
The formylmethyl hydrogen carbonate complexes are stable under a carbon dioxide 
atmosphere. Heating of a CD3CN solution of 59aBPh4 at 75°C for 6 hours did not result in any 
reaction.
5.7.2. Elim ination of acetaldehyde
The obtained metal formylmethyl hydroxy, formylmethyl aqua and formylmethyl hydrogen 
carbonate complexes do not eliminate acetaldehyde. Earlier, iridium formylmethyl hydride 
complexes have been reported to be very stable as well.[17] A  rhodium formylmethyl hydride 
complex has been proposed as an intermediate in the formation of acyl hydride complex 
[(PM e 3 )3Rh(C l)(H )(CO CH 3 )] from [(PM e 3 ) 3 RhCl] and ethylene oxide, but no proof was 
presented.[18] To our knowledge, direct elimination of acetaldehyde from a rhodium or iridium 
formylmethyl complex has never been observed. The stability of metal formylmethyl complexes is 
generally attributed to the ß-effect: a g -tc conjugation, resulting in a relatively large donation of 
electron density to the ß-carbon atom.[16a,19] Some Fe (II) and P t(II) formylmethyl complexes, 
however, have been reported to eliminate acetaldehyde upon exposure to strong acids.[20]
5.8. X-Ray structure
As repeated attempts to obtain X-ray quality crystals of 52aBPh4 failed, an attempt was made to 
photochemically convert a single crystal of 45aBPh4 to a single crystal of 52aBPh4. The crystal that 
had been used for X-ray structure determination of 45aBPh4 at 150 K  was exposed to glass-filtered 
daylight at room temperature for one week and its crystal structure was re-determined at 150 K. It 
was found that 45a+ had been fully converted to 52a+ leaving the crystal packing virtually 
unchanged (Figure 11). The space group before and after transformation is C2/c. Cell dimensions 
before the rearrangement are: a = 35.8688(5) Â, b = 10.7328(2) Â, c = 24.2609(4) Â, ß  = 
116.666(1)°, V = 8346.4(2) Â 3. Cell dimensions after the rearrangement are: a = 36.0362(2) Â, b = 
10.7760(1) Â, c = 24.2975(2) Â, ß  = 116.3883(4)°, V = 8452.2(2) Â 3 (Table 16). Such a 
rearrangement can be called a topotactic transformation: significant structural modification (the 
breakage and formation of bonds) has taken place and has left the crystal packing unchanged. Not 
many topotactic solid state reactions are known and most occur at high temperatures.[21]
X-Ray structure determination at room temperature, instead of 150 K, of a thus generated 
crystal of 52aBPh4 resulted in a structure with a different space group. Whereas the starting 
complex 45aBPh4 (measured at 150 K ) crystallized in space group C2/c, the resulting complex 
52aBPh4 (measured at room temperature) crystallized in space group P21/c. Both space groups 
contain a 21 screw axis, but the molecular packings differ. A  small shift of the molecules in a C-cell 
(a P-cell containing additional translation symmetry) can result in a P-cell. Such a shift may be due 
to a change in the pattern of hydrogen bonds or Van der Waals interactions, or due to evaporation of 
solvent molecules from the crystal. Because of the poor quality of the X-ray structure of 52aBPh4
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measured at room temperature, it is not possible to assess the controlling factors. Possibly, the 
different temperatures at which the measurements were performed are responsible for the shift from 
a C-cell to a P-cell.
The crystal structure of 45aBPh4 indicates that, due to the puckering of the dioxolane ring, one 
of the ß-hydrogen atoms is positioned close to the Oa. This is probably the reason for the easy H' 
transfer in the crystalline lattice.
45a+ 52a+
Figure 11. Topotactic transformation o f 3-rhoda-1,2-dioxolane 45a+ to rhodium formylmethyl 
hydroxy complex 52a+ (Single crystal X-ray structures).
The X-ray structure of 52a+ shows that the hydroxy group donates a hydrogen bond to the 
formyl fragment, thus forming a puckered six-membered ring. The bridging hydrogen (H1) was 
refined at an O1-H1 distance of 0.80(5) Â  (Rh-O1-H1 = 99(4)°) and a H1-O2 distance of 1.92(5) Â  
(O1-H1-O2 = 168(5)°). The puckering of the six-membered ring results from rotation the formyl 
fragment around the C1-C2 bond (torsion angle Rh-C1-C2-O2 = -72(3)°).
The atoms C2 and O2 show a large positional disorder. Although it is possible to use several 
partially occupied positions for these atoms, no better, physically reasonable models result from 
these parameters. Likely conformations of the formylmethyl fragment are shown in grey in Figure 
12.
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Figure 12. Possible conformations o f the formylmethyl fragment in 52a+ (ORTEP presentation).
Table 15. Selected bond lengths [Â], angles [°] and torsion angles [°] o f 52a+.
Bond lengths Angles (Torsion) angles
N1-Rh 2.040(3) N1-Rh-N2 83.54(13) C1-Rh-N2 89.26(16)
N2-Rh 2.018(4) N1-Rh-N3 82.83(12) C1-Rh-N3 176.97(16)
N3-Rh 2.102(3) N1-Rh-N4 82.44(13) C1-Rh-N4 88.44(17)
N4-Rh 2.033(4) N2-Rh-N3 87.78(13) O1-Rh-N1 173.63(15)
C1-Rh 2.085(4) N2-Rh-N4 165.46(13) O1-Rh-N2 96.19(15)
O1-Rh 2.014(3) N3-Rh-N4 94.27(13) O1-Rh-N3 90.80(15)
O1-H1 0.80(5) C1-Rh-O1 90.18(18) O1-Rh-N4 98.17(15)
H1-O2 1.92(5) C2-C1-Rh 111.4(5) Rh-O1-H1 99(4)
O2-C2 1.103(11)[a] O2-C2-C1 146(2)[a] O1-H1-O2 168(5)
C2-C1 1.245(12)[a] C1-Rh-N1 96.18(15) Rh-C1-C2-O2 -72(3)
[a] These bond lengths/angles are not realistic and are probably affected by crystallographic 
disorder.
5.9. Conclusions
The obtained 3-metalla-1,2-dioxolanes rearrange to metal formylmethyl hydroxy complexes. The 
metal center, as well as the nitrogen donor ligand and the counterion used all influence the 
reactivity of the 3-metalladioxolanes. Whereas both in solution and in the solid state, 3- 
rhodadioxolanes need photons or protons for rearrangement to metal formylmethyl hydroxy 
complexes, 3-iridadioxolanes spontaneously rearrange in acetonitrile at room temperature. 
Furthermore, the counterion steers the reactivity of the cationic 3-metalladioxolanes in the solid  
state. In the presence of PF6-  rearrangement occurs upon exposure of the metalladioxolane to a 
water-saturated nitrogen atmosphere. This reactivity is not observed in the presence of BPh4- 
Possibly, a small amount of the PF6- counterion is hydrolyzed to HF, which subsequently catalyzes
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the rearrangement. In the solid state, the N 4Me2 3-rhodadioxolane is more reactive towards traces of 
acid than the tpa 3-rhodadioxolane; at room temperature, the low concentration of water in the air is 
sufficient to cause proton-assisted rearrangement of the PF6- salt of N ^ e 2 rhodadioxolane (48PF6) 
to the corresponding rhodium(III) formylmethyl hydroxy complex (56PF6). The two stereo-isomeric 
3-rhodadioxolanes 45a+ and 45b+ clearly differ in their photochemical reactivity; isomer 45b+ 
rearranges to a rhodium formylmethyl hydroxy complex three times faster than isomer 45a+ upon 
exposure to glass-filtered daylight in CD3CN (X > 320 nm).
W e proposed mechanisms for both the photochemical and the acid-catalyzed rearrangement of 
3-metalla-1,2-dioxolanes to formylmethyl hydroxy complexes. Solid state photorearrangement of 
the BPh4- salt of 3-rhoda-1,2-dioxolane 45a+ to the corresponding metal formylmethyl complex 
(52a+) proved topotactic, thus enabling determination the X-ray structure of 52aBPh4.
The observed rearrangement of a 3-metalla-1,2-dioxolane (M  = Rh, Ir) to a formylmethyl 
hydroxy complex is in marked contrast with the earlier proposed direct rearrangement of a 3- 
metalla-1,2-dioxolane to acetaldehyde and a metal oxo complex or to ethylene oxide and a metal 
oxo complex.[1,2,3] However, our coordinatively saturated N 4-ligand 3-rhoda-1,2-dioxolanes w ill not 
allow ß-hydride elimination at room temperature. Coordinatively unsaturated 3-rhoda-1,2- 
dioxolanes w ill be more reactive. The resulting formylmethyl species could still be intermediates in 
the formation of acetaldehyde and a rhodium oxo or rhodium hydroxy species, or could be 
deactivated species in which oxygenation and oxidation of the ethene fragment (to give 
formylmethyl and hydroxide) have come to a halt.
The rhodium(III) hydroperoxyalkyl intermediate, proposed by Drago in the rhodium-catalyzed 
oxidation of olefins (see Chapter 1, Scheme 9), could be viewed as a protonated 3-rhoda-1,2- 
dioxolane. W e would therefore expect such an intermediate to rearrange to a rhodium(III) 
formylmethyl hydroxy type complex, instead of decomposing to a ketone and a rhodium hydroxy 
complex.
Our 3-rhoda-1,2-dioxolanes do not react with triphenylphosphane at room temperature, in 
contrast with the earlier proposed rearrangement of phosphane-stabilized 3-rhoda-1,2-dioxolanes to 
2-rhodaoxetanes via O-atom transfer to triphenylphosphane.[4]
In solution, rhodium formylmethyl hydroxy complexes are protonated to formylmethyl aqua 
complexes and reversibly insert CO2 into the Rh-OH bond, to give the corresponding formylmethyl 
hydrogen carbonate complexes, upon exposure to CO2. The resulting rhodium(III) formylmethyl 
aqua and rhodium(III) formylmethyl hydrogen carbonate complexes are both more stable than the 
formylmethyl hydroxy precursors. They do not (selectively) eliminate acetaldehyde at room 
temperature.
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5.11. Experimental section
5.11.1. General methods
All procedures were performed under a nitrogen atmosphere using standard Schlenck techniques, unless indicated 
otherwise. Solvents (p.a.) were deoxygenated by bubbling through a stream of nitrogen.
NMR experiments were carried out on a Bruker DPX200, a Bruker AC300, a Bruker WM400, a Varian Inova400, A 
Bruker AVANCE DRX500 and a Bruker AM-500. Solvent shift references for 1H NMR and 13C NMR are: CD3CN 
^(1H) = 1.94 ppm and CD3CN ^(13C) = 118.1 ppm. Abbreviations used are: s = singlet, d = doublet, dd = double 
doublet, t = triplet, dt = double triplet, q = quartet, qq = quartet of quartets, m = multiplet, br. = broad. Mass spectra 
(ESI) were recorded on a Finnigan MAT 900S and a Finnigan TSQ 7000 mass spectrometer. Infrared spectra were 
measured on a Perkin-Elmer 1720X spectrometer.
Compounds [H(OEt2)2]B[C6H3(CF3)2]4 (HBArF4)[22] were prepared according to literature procedures. All other 
chemicals were either synthesized according to the experimental section in Chapter 4 or were obtained commercially 
and used without further purification. The experimental setup for the illumination experiments is shown in Figure 13.
High pressure mercury lam p[33]
I
Figure 13. Experimental setup for the illumination experiments.
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Table 16. Crystallographic data.
52a+
C48H50.50BClN4.5002.50Rh
Transparent yellow 
Irregular fragment 
0.29 x 0.22 x 0.13
Empirical formula 
Crystal color 
Crystal shape 
Crystal size [mm]
Formula weight 
T [K]
Crystal system 
Space group
Unit cell dim. from N  refl. 
a [Â]
b [A] 
c [A]
a  [°] 
ß[°]
Y [°]
V [A3]
Pcalcd [g-cm-3]
Z
Diffractometer
Abs. Coefficient (mm-1)
Scan
Radiation (graphite mon.) 
Wavelength [A]
F(0 0 0 )
& range [°]
Index ranges
Abs. Corr.
Measured reflections 
Unique reflections
Rint
Observed reflections [/0>2c(/0)] 
Data/restraints/parameters 
Goodness-of-fit on F 2 
SHELXL-97 weight parameters 
Final R1, wR2 [/>2c(T)]
R1, wR2 [all data]
Diff. Peak and hole [e-A-3]
879.60
150(2)
Monoclinic 
C 2/c 
14986 
36.0362(2)
10.77600(10)
24.2975(2)
90
116.3883(4)
90
8452.21(11)
1.382
8
Nonius Kappa CCD 
with rotating anode 
0.514
Area detector, 9  and œ scan
MoKa
0.71073
3656
1.73-25.35 
-43 < h < 43 
- 1 2  < k < 12  
-29 < l < 29 
None 
14986 
7719 
0.0294 
5510
7719/0/473
1.054
0.0870, 6.0419 
0.0494, 0.1402 
0.0721, 0.1492 
0.899, -0.643
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5.11.2. X-ray diffraction
A crystal of 52aBPh4 was obtained by exposure of a crystal of 45aBPh4 to glass-filtered daylight for one week. X-Ray 
diffraction data for 52aBPh4 were collected at 150(2) K on a Nonius KappaCCD diffractometer with rotating anode 
using graphite monochromatized M o^a radiation (A = 0.71073 A). The structures were solved by the PATTY[23] option 
of the DIRDIF[24] program system. All nonhydrogen atoms were refined with anisotropic temperature factors. All 
hydrogen atoms were placed at calculated positions and were refined isotropically in riding mode, except for the 
bridging hydrogen atom of the formyl fragment (H1, see below). Selected bond lengths and angles are shown in Table 
15Table. Other relevant crystal data are summarized in Table 16Table. Drawings were generated with the program
PLATON.[25]
Hydrogen atom H1 was clearly observed visually in a difference fourier map and its position was subsequently 
determined automatically. Its positional and thermal parameters were refined freely and this refinement proved to be 
stable. The position of H1 is well outside the regions influenced by the SQUEEZE procedure described later on.
From the anisotropic thermal displacement parameters for C2 and O2 it is clear that these atoms show a large positional 
disorder. Although it is possible to use several partially occupied positions for these atoms, no physically reasonable 
models result from these parameters, at least not any better than the model presented here. Splitting up these atoms 
serves no other purpose but to lower the R-value. The calculated hydrogen positions on C2 are therefore merely 
indications of possible positions.
Calculations (PLATON, Spek 1995)[26] showed two distinct voids, one of 239 Â3, containing 58 electrons, around a 
two-fold axis (position 4e, 0, y, 1/4; y  = -0.041), and one of 152 Â3, containing 39 electrons, around an inversion center 
(position 4b: 1/2, 0, 0). Based on the synthetic route and evidence from NMR spectroscopy it is assumed that these 
electron densities possibly stand for one molecule diethyl ether (C4H10O, 42 electrons) plus one molecule acetonitrile 
(CH3CN, 22 electrons) in the first void (64 electrons, 29.9 Â3/non-hydrogen atom), and one molecule dichloroethane 
(C2H4Cl2, 50 electrons) in the second void (38.0 Â3/non-hydrogen atom). These assumptions are in accordance with the 
earlier crystal structure determination of the original crystal of 45aBPh4 before its exposure to glass-filtered daylight 
and account for the calculated physical molecular properties as reported in this chapter.
It was not possible to assign any physically meaningful parameters to the electron densities found in the difference 
fourier map. Therefore the SQUEEZE procedure was applied to account for these electron densities.
5.11.3. Calculations
All calculations were carried out with the Turbomole program[27] coupled to the PQS Baker optimizer.[28] Geometries 
were fully optimized as minima or transition states at the ridft[29] BP86 level[30] using the Turbomole SV(P) basisset[31] 
on all atoms (def-SVP pseudopotential basis[32] on Rh and Ir).
5.11.4. Synthesis
(Formylmethyl-KC'1)-(hydroxy)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^)-rhodium(nI)-tetraphenylborate 
(52aBPh4): Method A: A stirred solution of 45aBPh4 in CD3CN under nitrogen was exposed to the glass-filtered light of 
a high pressure mercury vapor lamp[33] for 90 minutes at -30°C. 52aBPh4 was obtained in >90% yield, as determined by 
1H NMR. Method B: HBArF4 (5.5 mg, 5.4 |amol) was added to a solution of 1bBPh4 (41.8 mg, 54 |amol) in CD3CN (1 
ml) under N2. 2bBPh4 was obtained in approximately 70% yield in approximately 1 hour, as determined by 1H NMR. 
1H NMR (200 MHz, CD3CN, 300 K): 8  = 9.26 (t, 1H, 3J(H,H) = 5.0 Hz, RhCH2CHO), 9.21 (br.d, 1H, 3J(H,H) = 6.0 
Hz, Pya-H6), 8.62 (br.d, 2H, 3J(H,H) = 5.6 Hz, Pyb-H6), 7.84 (dt, 2H, 3J(H,H) = 7.8 Hz, V(H,H) = 1.6 Hz, Pyb-H4),
7.73 (dt, 1H, 3./(H,H) = 7.8 Hz, V(H,H) = 1.6 Hz, Pya-H4), 7.32 (m, 6H, Py-H3 and Py-H5), 7.27 (m, 8H, BAr-H2), 
6.99 (t, 8H, 3./(H,H) = 7.4 Hz, BAr-H3), 6.83 (t, 4H, 3J(H,H) = 7.2 Hz, BAr-H4), 5.01 (d[AB], 2H, 2./(H,H) = 15.9 Hz, 
NCH2Pyb), 4.71 (d[AB], 2./(H,H) = 14.9 Hz, NCH2Pyb), 4.67 (s, 2H, NCH2Pya), 2.69 (dd, 2H, 3J(H,H) = 5.1 Hz, 
2J(H,Rh) = 2.9 Hz, RhCH2CHO) ppm; 13C{1H} NMR (125 MHz, CD3CN, 243 K): 8 =  209.0 (RhCH2CHO), 163.9 (q, 
1J(C,B) = 49.2 Hz, BAr-C1), 162.4 (Pyb-C2), 159.0 (Pya-C2), 149.9 (Pyb-C6), 147.2 (Pya-C6), 139.3 (Pyb-C4), 139.2 
(Pya-C4), 135.7 (BAr-C2), 126.1 (q, 3./(C,B) = 2.7 Hz, BAr-C3), 125.4 (Pyb-C5/C3), 124.9 (Pya-C5/C3), 124.4 (Pyb- 
C5/C3), 122.1 (BAr-C4), 121.2 (Pya-C5/C3), 70.7 (NCH2Pya), 68.3 (NCH2Pyb), 26.9 (d, 1J(C,Rh) = 21.0 Hz,
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RhCH2CHO) ppm; ESI-MS (CD3CN): 453 [M-BPh,]+, 435 [M-H2O-BPh4]+, 425 [M-C2H4-BPh4]+, 409 [M-C2H4O- 
BPh4]+, 393 [M-C2H4O2-BPh4]+, 391 [M-C2H4O2-H2-BPh4]+; IR (KBr): 1655 cm-1 (C=O).
(Formylmethyl-KC1)-(hydroxy)-(^,^,^-tri(2-pyridylmethyl-K^)amine-K^)-rhodium(In)-hexafluorophosphate 
(52aPF6/52bPF6): Solid 45aPF6/45bPF6 was exposed to a N2 atmosphere saturated with H2O for three days at room 
temperature. A mixture of 52aPF6 and 52bPF6 was obtained in an approximate ratio of 1:1. The data for 52bPF6 are 
given: 1H NMR (500 MHz, CD3CN, 243 K): 8 =  9.98 (t, 1H, J(H ,H ) = 4.9 Hz, RhCH2CHO), 8.68 (d, 2H, J(H ,H ) =
5.5 Hz, Pyb-H6), 8.53 (d, 1H, 3J(H,H) = 5.5 Hz, Pya-H6), 7.84 (m, 2H, Pyb-H4), 7.66 (dt, 1H, J(H ,H ) = 7.7 Hz, 4J(H,H) 
= 1.5 Hz, Pya-H4), 7.48 (d, 2H, 3J(H,H) = 8.2 Hz, Pyb-H3), 7.36 (t, 2H, J(H ,H ) = 6.6 Hz, Pyb-H5), 7.28 (t, 1H, J(H ,H) 
= 6.6 Hz, Pya-H5), 7.17 (d, 1H, 3J(H,H) = 8.8 Hz, Pya-H3), 5.39 (d[AB], 2H, 2J(H,H) = 15.0 Hz, NCH2Pyb), 4.88 (s, 2H, 
NCH2Pya), 4.76 (d[AB], 2H, 2J(H,H) = 15.0 Hz, NCH2Pyb), 3.47 (dd, 2H, J(H ,H ) = 4.8 Hz, 2J(H,Rh) = 2.9 Hz, 
RhCH2CHO) ppm; 13C{1H} NMR (125 MHz, CD3CN, 243 K): S 210.8 (d, 2J(C,Rh) = 9.6 Hz, RhCH2CHO), 165.0 
(Pyb-C2), 163.5 (Pya-C2), 151.5 (Pyb-C6), 150.2 (Pya-C6), 139.6 (Pyb-C4), 138.8 (Pya-C4), 125.4 (Pyb-C5/C3), 125.1 
(Pya-C5/C3), 124.4 (Pyb-C5/C3), 122.1 (Pya-C5/C3), 66.4 (NCH2Pyb), 66.2 (NCH2Pya), 34.5 (d, J(C,Rh) = 25.0 Hz, 
RhCH2CHO) ppm; ESI-MS (CH3CN): 453 [M-PF6]+.
(Formylmethyl-KC1)-(aqua)-(N ,N ,N -tri(2-pyridylmethyl-KN )amine-KN )-rhodium(III)-tetraphenylborate- 
tetra[3,5-di(trifluoromethyl)phenyl]borate (55a(BPh4)(BArF4)): HBArF4 (57 mg, 0.11 mmol) is added to a solution 
of 45aBPh4 (40 mg, 0.1 mmol) in CD3CN (1.0 ml) under N2. 55a(BPh4)(BArF4) was obtained in approximately 85% 
yield as determined by 1H NMR. 1H NMR (200 MHz, CD3CN, 300 K): 8=  9.51 (t, 1H, J(H ,H) = 4.8 Hz, RhCH2CHO), 
8.96 (d, 1H, 3J(H,H) = 5.5 Hz, Pya-H6), 8.52 (d, 2H, J(H ,H ) = 5.7 Hz, Pyb-H6), 7.95 (dt, J(H ,H ) = 7.8 Hz, 4J(H,H) =
1.6 Hz, Pyb-H4), 7.81 (dt, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pya-H4),7.73 (m, 8H, BArF4-H2), 7.68 (s, 4H, BArF4- 
H4), 7.6-7.4 (m, 5H, Pyb-H3, Pyb-H5 and Pya-H3/5), 7.33 (m, 8H, BAr-H2), 7.21 (m, 1H, Pya-H3/5), 7.01 (t, 8H, 
3J(H,H) = 7.4 Hz, BAr-H3), 6.85 (t, 4H, J(H ,H ) = 6.9 Hz, BAr-H4), 5.15 (d[AB], 2H, J(H ,H ) = 16.4 Hz, NCH2Pyb),
4.82 (s, 2H, NCH2Pya), 4.69 (d[AB], 2H, 2J(H,H) = 16.6 Hz, NCH2Pyb), 3.05 (dd, 2H, J(H ,H ) = 4.9 Hz, 2J(H,Rh) = 2.7 
Hz, RhCH2CHO) ppm; 13C{1H} NMR (125 MHz, CD3CN, 243 K): 8  = 206.7 (d, J(C,Rh) = 1.9 Hz, RhCH2CHO),
164.0 (q, J(C ,B) = 49.2 Hz, BAr-C1), 161.9 (q, J(C,B) = 49.8 Hz, BArF-C1), 161.6 (Pyb-C2), 158.0 (Pya-C2), 151.5 
(Pyb-C6), 148.7 (Pya-C6), 140.9 (Pyb-C4), 140.4 (Pya-C4), 135.8 (BAr-C2), 134.9 (BArF-C2), 129.0 (qq, 2J(C,F) = 31.4 
Hz, 3J(C,B) = 2.9 Hz, BArF-C3), 126.4 (Pyb-C5/C3), 126.2 (q, 3J(C,B) = 2.6 Hz, BAr-C3), 125.8 (Pya-C5/C3), 125.4 
(Pyb-C5/C3), 124.6 (q, 1J(C,F) = 271.9 Hz, BArF-CF3), 122.3 (BAr-C4), 122.1 (Pya-C5/C3), 73.5 (NCH2Pya), 69.6 
(NCH2Pyb), 27.8 (d, 1J(C,Rh) = 20.4 Hz, RhCH2CHO) ppm. (The signal for BArF-C4 is obscured by one of the solvent 
signals); ESI-MS (CH3CN): 227 [M-BPh4-BArF4]2+, 218 [M-H2O-BPh4-BArF4]2+.
(Formylmethyl-KC1)-(hydroxy)-(N ,N ,N -tri(2-pyridylmethyl-KN )amine-KN )-iridium(III)-tetraphenylborate 
(53aBPh4): A solution of 46aBPh4 (85.2 mg, 99 ^mol) in CH3CN (1 ml) was stirred at room temperature. After 4 hours, 
diethyl ether was added and a yellow solid precipitated. After filtration, the solid was washed with diethyl ether and 
dried in vacuo. Yield: 49.1 mg (58%); 1H NMR (500 MHz, CD3CN, 298 K): 8 =  9.25 (br.d, 1H, 3J(H,H) = 5.7 Hz, Pya- 
H6), 9.21 (t, 1H, 3J(H,H) = 5.1 Hz, IrCH2CHO), 8.71 (d, 2H, 3J(H,H) = 5.7 Hz, Pyb-H6), 7.78 (dt, 2H, 3J(H,H) = 7.8 
Hz, 4J(H,H) = 1.5 Hz, Pyb-H4), 7.68 (dt, 1H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pya-H4), 7.4-7.1 (m, 6H, Py-H3 and 
Py-H5), 7.29 (m, 8H, BAr-H2), 7.00 (t, 8H, 3J(H,H) = 7.4 Hz, BAr-H3), 6.84 (t, 4H, 3J(H,H) = 7.2 Hz, BAr-H4), 4.86 
(s, 2H, NCH2Pyb), 4.85 (s, 2H, NCH2Pyb), 4.56 (s, 2H, NCH2Pya), 3.07 (d, 2H, 3J(H,H) = 5.3 Hz, IrCH2CHO) ppm; 
13C{1H} NMR (125 MHz, CD3CN, 298 K): 8=  209.4 (IrCH2CHO), 165.8 (Pyb -C2), 164.6 (q, 1J  (C,B)= 49.3 Hz, BAr- 
C1), 160.8 (Pya-C2), 149.7 (Pyb-C6), 146.3 (Pya-C6), 139.2 (Pya-C4), 139.0 (Pyb-C4), 136.5 (BAr-C2), 126.4 (q, 
3J(C,B) = 2.8 Hz, BAr-C3), 125.7 (Pyb-C3/5), 125.1 (Pya-C3/5), 124.7 (Pyb-C3/5), 122.6 (BAr-C4), 121.5 (Pya-C3/5),
72.9 (NCH2Pya), 71.4 (NCH2Pyb), 16.3 (IrCH2CHO) ppm; ESI-MS (CH3CN): 543 [M-BPh4]+, 525 [M-H2O-BPh4]+, 499 
[M-C2H4O-BPh4]+, 483 [M-C2H4O2-BPh,]+, 391 [M-CH2C5H4N-H4O2-BPh4]+. IR (KBr): 1654 cm-1 (C=O).
(Formylmethyl-KC1)-(hydroxy)-(N ,N ,N -tri(2-pyridylmethyl-KN )amine-KN )-iridium(III)-hexafluorophosphate 
(53aPF6/53bPF6): 53aPF6/53bPF6 was prepared by a procedure similar to that of 53aBPh4, using 46aPF6/46bPF6 
instead of 46aBPh4. Yield: 93%; 'H  NMR (500 MHz, CD3CN, 298 K): 8=  10.11 (t, 1H, 3J(H,H) = 5.0 Hz, IrCH2CHO),
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8.73 (d, 3H, 3J(H,H) = 5.9 Hz, Py-H6), 7.81 (dt, 2H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.5 Hz, Pyb-H4), 7.61 (dt, 1H, 3J(H,H) 
= 7.7 Hz, 4J(H,H) = 1.5 Hz, Pya-H4), 7.48 (d, 2H, 3J(H,H) = 8.1 Hz, Pyb-H3), 7.30 (t, 2H, 3J(H,H) = 6.4 Hz, Pyb-H5),
7.23 (t, 1H, 3J(H,H) = 6.8 Hz, Pya-H5), 7.17 (d, 1H, 3J(H,H) = 7.7 Hz, Pya-H3), 5.40 (d, 2H, 2J(H,H) = 15.0 Hz, 
NCH2Pyb), 4.82 (s, 2H, NCH2Pya), 4.77 (d, 2H, 2J(H,H) = 14.7 Hz, NCH2Pyb), 3.66 (d, 2H, 3J(H,H) = 4.8 Hz, 
IrCH2CHO) ppm; 13C{'H} NMR (125 MHz, CD3CN, 300 K): 8=  211.2 (IrCH2CHO), 167.1 (Pyb-C2), 164.9 (Pya-C2),
152.0 (Pyb-C6), 151.1 (Pya-C6), 139.5 (Pyb-C4), 138.4 (Pya-C4), 125.9 (Pyb-C3/5), 125.7 (Pya-C3/5), 124.5 (Pyb-C3/5),
122.2 (Pya-C3/5), 69.3 (NCH2Pya), 68.6 (NCH2Pyb), 20.7 (IrCH2CHO) ppm; ESI-MS (CH3CN): 543 [M-PF6]+, 541 [M- 
H2-PF6]+.
(Formylmethyl-KC1)-(hydroxyM3,11-dimethyl-3,11,17,18-tetraazatricyclo[11.3.1.15’9]-octadeca- 
1(17),5(18),6,8,13,15-hexaene-K4N1,N2,N?,N*)-rhodium(nr)-hexafluorophosphate (56PF6): Solid 48PF6 was put 
under a nitrogen atmosphere saturated with H2O vapor for 4 days. The product was dried in vacuo. 'H  NMR (400 MHz, 
CD3CN, 297 K): 8=  9.57 (t, 1H, 3J(H,H) = 5.4 Hz, CHO), 7.77 (t, 1H, 3J(H,H) = 7.8 Hz, Py-H4), 7.66 (t, 1H, 3J(H,H) =
8.0 Hz, Py-H4), 7.29 (d, 2H, 3J(H,H) = 8.0 Hz, Py-H3/5), 7.18 (d, 2H, 3J(H,H) = 8.0 Hz, Py-H3/5), 4.76 (d[AB], 2H, 
2J(H,H) = 16.5 Hz, NCH2Py), 4.51 (d[AB], 2H, 2J(H,H) = 16.5 Hz, NCH2Py), 4.30 (d[AB], 2H, 2J(H,H) = 16.5 Hz, 
NCH2Py), 4.29 (d[AB], 2H, 2J(H,H) = 15.9 Hz, NCH2Py), 3.14 (dd, 1H, 3J(H,H) = 5.3 Hz, 3J(H,Rh) = 3.2 Hz, 
RhCH2CHO), 2.95 (s, 6H, NCH3) ppm; 13C{'H} NMR (125 MHz, CD3CN, 243 K): 8  = 207.7 (RhCH2CHO), 157.4 
(Py-C2/6), 155.7 Py-C2/6), 139.9 (Py-C4), 138.7 (Py-C4), 121.4 (Py-C3/5), 74.7 (NCH2Py), 72.6 (NCH2Py), 50.8 
(NCH3), 33.4 (d, J(C,Rh) = 21.2 Hz, RhCH2CHO) ppm; FAB-MS (NPOE, CH3CN): 431 [M-PF6]+; ESI-MS (CH3CN): 
431 [M-PF6]+, 413 [M-H2O-PF6]+, 287 [M-C2H4O-PF6]+, 371 [M-C2H4O2-PF6]+, 369 [M-C2H4O2-H 2-PF6]+. IR 
(CD3CN): 1651 cm-1 (C=O).
(Formylmethyl-KC1)-(hydrogen carbonate)-(N ,N ,N -tri(2-pyridylmethyl-KN )amine-KN )-rhodium(III)- 
tetraphenylborate (59aBPh4): A CD3CN solution of 52aBPh4 was left standing under a CO2 atmosphere. 59aBPh4 was 
formed within 5 minutes. Isolation of 59aBPh4 was not possible, since the insertion of CO2 is a reversible reaction. 
Precipitation and filtration led to the isolation of 52aBPh4. 'H NMR (200 MHz, CD3CN, 298 K): 8  = 9.53 (t, 1H, 
3J(H,H) = 4.6 Hz, RhCH2CHO), 8.99 (d, 1H, 3J(H,H) = 4.8 Hz, Pya-H6), 8.86 (d, 2H, 3J(H,H) = 5.8 Hz, Pyb-H6), 7.85 
(dt, 2H, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.6 Hz, Pyb-H4), 7.73 (dt, 1H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.6 Hz, Pya-H4), 7.5­
7.2 (m, 5H, Py-H5 and Pyb-H3), 7.29 (m, 8H, BAr-H2), 7.15 (d, 1H, 3J(H,H) = 7.9 Hz, Pya-H3), 6.99 (t, 8H, 3J(H,H) =
7.4 Hz, BAr-H3), 6.84 (t, 4H, 3J(H,H) = 7.2 Hz, BAr-H4), 4.99 (d[AB], 2H, 2J(H,H) = 16.2 Hz, NCH2Pyb), 4.58 (s, 2H, 
NCH2Pya), 4.50 (d[AB], 2H, 2J(H,H) = 15.8 Hz, NCH2Pyb), 3.23 (dd, 2H, 3J(H,H) = 4.8 Hz, 2J(H,Rh) = 2.5 Hz, 
RhCH2CHO) ppm; 13C{'H} NMR (50 MHz, CD3CN): 8 =  210.1 (RhCH2CHO), 164.6 (q, J(C ,B) = 49.3 Hz, BAr-C1),
162.3 (Pyb-C2), 158.4 (Pya-C2), 152.2 (Pyb-C6), 148.4 (Pya-C6), 140.4 (Pyb-C4), 140.1 (Pya-C4), 136.5 (BAr-C2), 
126.40 (q, 3J(C,B) = 2.6 Hz, BAr-C3), 125.9 (Pyb-C3/5), 125.5 (CO2), 124.9 (Pyb-C3/5), 122.6 (BAr-C4), 121.9 (Pya- 
C3/5), 73.2 (NCH2Pya), 70.0 (NCH2Pyb), 28.1 (d, J(C,Rh) = 20.7 Hz, RhCH2CHO) ppm. (The signal for Pya-C3/5 is 
obscured by one of the other signals); IR_(CD3CN): 1694, 1664 cm-1 (C=O).
(Formylmethyl-KC1)-(hydrogen carbonate)-(N ,N ,N -tri(2-pyridylmethyl-KN )amine-KN )-iridium(III)- 
tetraphenylborate (60aBPh4): 60aBPh4 was prepared by a procedure similar to that of 59aBPh4, using 53aBPh4 
instead of 52aBPh4. 'H NMR (500 MHz, CD3CN, 298 K): 8 =  9.46 (t, 1H, 3J(H,H) = 4.8 Hz, IrCH2CHO), 9.02 (d, 1H, 
3J(H,H) = 5.5 Hz, Pya-H6), 8.95 (d, 2H, 3J(H,H) = 5.5 Hz, Pyb-H6), 7.82 (dt, 2H, 3J(H,H) = 7.9 Hz, 4J(H,H) = 1.5 Hz, 
Pyb-H4), 7.71 (dt, 1H, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.5 Hz, Pya-H4), 7.44 (d, 2H, 3J(H,H) = 7.7 Hz, Pyb-H3), 7.40 (t, 
1H, 3J(H,H) = 6.6 Hz, Pya-H5), 7.33 (t, 2H, 3J(H,H) = 6.6 Hz, Pyb-H5), 7.29 (m, 8H, BAr-H2), 7.18 (d, 1H, 3J(H,H) =
8.0 Hz, Pya-H3), 6.99 (t, 8H, 3J(H,H) = 7.3 Hz, BAr-H3), 6.84 (t, 4H, 3J(H,H) = 7.1 Hz, BAr-H4), 4.93 (d[AB], 2H, 
2J(H,H) = 15.3, NCH2Pyb), 4.75 (d[AB], 2H, 2J(H,H) = 15.7, NCH2Pyb), 4.55 (s, 2H, NCH2Pya), 3.39 (d, 2H, 3J(H,H) =
4.8 Hz, IrCH2CHO) ppm; 13C{'H} NMR (125 MHz, CD3CN, 298 K): 8=  211.1 (IrCH2CHO), 164.6 (q, J (C ,B )=  49.4 
Hz, BAr-C1), 164.5 (Pyb -C2), 159.9 (Pya-C2), 152.4 (Pyb-C6), 147.9 (Pya-C6), 139.8 (Pya-C4), 139.7 (Pyb-C4), 136.5 
(BAr-C2), 126.4 (q, 3J(C,B) = 2.8 Hz, BAr-C3), 125.9 (Pyb-C3/5), 125.6 (Pyb-C3/5), 124.7 (Pya-C3/5), 122.6 (BAr- 
C4), 121.8 (Pya-C3/5), 74.9 (NCH2Pya), 72.1 (NCH2Pyb), 14.8 (IrC^CH O) ppm; ESI-MS (CO2 saturated CH3CN): 587 
[M-BPh4]+, 543 [M-CO2-BPh4]+. IR (CH3CN): 1663, 1635 cm-1 (C=O).
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On the mechanism of solid-gas dioxygenation
6.1. Introduction
As applies to most oxidation reactions, it is not easy to establish the mechanism of the 
dioxygenation of solid rhodium and iridium olefin complexes. In Chapter 4, we have assumed a 
mechanism involving initial one-electron oxidation of the metal(I) olefin fragment to a metal(II) 
olefin fragment. This, however, is not the only possible mechanism. In this chapter, we will discuss 
three possible mechanisms. Because it is difficult to establish a mechanism by experimental 
methods only, we have also used theoretical methods (see experimental section for details).
6.1.1. Dioxygen attack at a m etal(I) ethene fragment
A possible oxygenation mechanism would be that proposed earlier by Mimoun for rhodium- 
catalyzed mono-oxygenation of olefins (see also Chapter 1);[1] it involves initial formation of an 
ethene peroxo fragment by reaction of a rhodium ethene fragment with dioxygen. Subsequent 
insertion of the olefin into the Rh-O bond then results in the formation of a 3-rhoda-1,2-dioxolane.
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Such a direct attack of dioxygen at the metal center would require mer-K3-coordination or fac-K3- 
coordination of tpa to the rhodium ethene fragment, to circumvent the formation of a 20e 
intermediate. For mer-K3-coordination, a syn and anti position of the olefin relative to the dangling 
pyridine group are possible. In both cases, the olefin fragment is in plane with the peroxo fragment. 
For fac-K3-coordination, coordination of the olefin trans to the amine and trans to a pyridine are 
possible. In both cases, the olefin fragment is oriented perpendicular to the metal peroxo plane. All 
these possibilities are shown in Scheme 68.
Scheme 68. Mechanism o f dioxygen attack at a metal(I) olefin fragment.
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6.1.2. Superoxide attack at a m etal(II) olefin fragment
Instead of direct attack of dioxygen at the metal(I) ethene fragment, initial one-electron oxidation of 
the metal(I) ethene fragment by dioxygen, resulting in a metal(II) ethene fragment and a superoxide 
anion could occur. The superoxide anion could then attack the coordinated olefin, to form an 
ethylsuperoxy complex (Scheme 69). The reaction of [(Me3tpa)IrII(CH2CH2)]2+ with superoxide has 
been reported to result in the formation of [(Me3tpa)Ir!(CH2CH2)]+, [2] making direct attack of 
superoxide at the metal center and subsequent formation of a C-O bond in our case unlikely. This 
mechanism does not require K3-coordination of the nitrogen donor ligand.
Scheme 69. Mechanism o f superoxide attack at a metal(II) olefin fragment.
6.1.3. Dioxygen attack at a m etal(II) olefin fragment
A third possible mechanism would be initial one-electron oxidation of a small amount of metal(I) 
ethene complex, possibly by dioxygen, followed by reaction with dioxygen (Scheme 70). This 
would result in the formation of a metal(III) ethene superoxy complex, which subsequently 
recombines to what is formally a metalla(IV) dioxolane.
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Scheme 70. Mechanism o f dioxygen attack at a metal(II) olefin fragment.
Two possible ethene superoxy complexes could be formed: one with ethene coordinated trans 
to the amine and one with ethene coordinated trans to the pyridine. The metalla(IV) dioxolane 
would subsequently be reduced to a metalla(III) dioxolane, possibly by a second metal(I) ethene
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fragment, which would result in the regeneration of a metal(II) ethene fragment, or by the 
superoxide anion formed in the initial one-electron oxidation step.
6.2. Results
6.2.1. Dioxygen attack at a m etal(I) ethene fragment
We have performed calculations (see experimental section) on complex 
[(Mebpa)RhIII(O2)(CH2CH2)]+, as a model of [(K3-tpa)RhIII(O2)(CH2CH2)]+.[3] For the mer-Mebpa 
rhodium(III) ethene peroxo complexes, we calculated a high activation energy for C-O bond 
formation (35-39 kcal/mol) and a very narrow transition-state-like region on the potential energy 
surface. The resulting product is not a rhodadioxolane, but an oxo 2-rhodaoxetane complex. This 
oxo 2-rhodaoxetane complex lies much higher in energy than the starting ethene peroxo complex 
(ÀE =16-17 kcal/mol).
Calculations on the fc -M eb p a  rhodium(III) ethene peroxo complexes revealed a different 
reactivity (Scheme 71; parts of the pyridine rings have been omitted for clarity). Here, the activation 
energy for C-O bond formation was found to be low (5-7.5 kcal/mol) and the resulting product was 
found to be a 3-rhoda-1,2-dioxolane. This rhodadioxolane lies lower in energy than the starting 
ethene complex (ÀE = 11.5-12.5 kcal/mol). For the fc -M eb p a  rhodium(III) ethene peroxo isomer 
with ethene coordinated trans to the pyridine donor (Scheme 68), a bond can be formed between 
either C2 and O1 or between C2 and O2. Although both paths lie close in energy, there is a 
preference for the formation of C2-O1 (Scheme 71). The resulting rhodadioxolane rings are k 3- 
coordinated. Both oxygen atoms are coordinated to the metal center. In the presence of a fourth 
nitrogen donor this donor is expected to coordinate to the metal center, displacing O2 .
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Scheme 71. Energy scheme calculated for the rearrangement o f a fac-K-M ebpa rhodium(III) 
ethene peroxo complex.
6.2.2. Superoxide attack at a m etal(II) olefin fragment
It is very difficult to perform calculations on the second mechanism, involving superperoxide attack 
at a metal(II) ethene fragment. Such calculations would only reveal one-electron transfer from 
superperoxide to the metal(II) ethene fragment, resulting in regeneration of a metal(I) ethene
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fragment and dioxygen. This reaction is actually observed for [(Me3tpa)IrII(CH2CH2)]2+ in
solution.[2]
6.2.3. Dioxygen attack at a m etal(II) olefin fragment
Formation o f a metal(III) ethene superoxy fragment via dioxygen attack at a tpa metal(II) ethene 
fragment was calculated to be an exothermic reaction (ÀE = 12-15 kcal/mol for M = Rh, ÀE = 15­
18 kcal/mol for M = Ir). Preliminary calculations indicate that formation o f a tpa rhodium ethene 
superoxy complex is virtually barrierless. C-O bond formation, formally leading to a metalla(IV) 
dioxolane was found to be exothermic (ÀE = 15.5 kcal/mol for M = Rh, ÀE = 18.5 kcal/mol for M = 
Ir). The activation barrier o f 12-14 kcal/mol would allow this reaction to occur at room temperature. 
The calculations also reveal that reduction o f the metalla(IV) dioxolane by a metal(I) ethene 
fragment is approximately thermoneutral.
Figure 14. Spin-density plots o f the calculated isomeric rhodium(IV) dioxolanes.
Spin-density distributions o f the calculated rhoda(IV) dioxolane isomers are shown in Figure 
14. The unpaired electron is distributed over the two oxygen atoms and the metal center. Our 
calculations reveal that it is mainly located in a n*-orbital between Oa (approx. 31%) and Oß 
(approx. 44%), with a smaller contribution o f the rhodium center (approx. 20%).
1 2 +
Rh .IV
'O' -O
1 2 +
Rh
■O' -O
Scheme 72. A rhoda(IV) dioxolane and a rhodium(III) ethylsuperoxy complex.
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Although these are formally rhodium(IV) dioxolanes, the two isomers can also be described as 
rhodium(III) ethylsuperoxy complexes (Scheme 72). In both isomers, the Oa atom is undoubtedly 
coordinated to the metal center.
As was reported in Chapter 4, calculations indicated that two structures of the metal(II) ethene 
complexes are accessible, making the formation of both isomeric 3-metalla-1,2-dioxolanes from a 
metal(II) ethene complex possible.
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Scheme 73. Calculated energies for the reaction o f a tpa rhodium(II) ethene complex with O2
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The results of our calculations on the reaction of a tpa rhodium(II) ethene complex with 
di oxygen are schematically presented in Scheme 73. Parts of the pyridine rings are omitted for 
clarity. The results obtained for rhodium and iridium were comparable.
6.3. Discussion
We will now discuss the three mechanistic alternatives on the basis of our computational and 
experimental data. It is not possible to draw any solid conclusions from these results, but we find 
one of the mechanisms to be more plausible than the others.
6.3.1. Dioxygen attack at a m etal(I) olefin fragment
The attack of dioxygen at a mer-N3-ligand metal(I) ethene fragment is probably not a feasible 
mechanism; it has a very high activation barrier. Mer-N3-ligand iridium (III) ethene peroxo 
complexes have been isolated before (Scheme 74).[4] These complexes appear to be very stable; in 
agreement with our calculations, insertion of the ethene fragment into the Ir-O bond is not observed.
oC?i'Dt
Scheme 74. [(Me3tpa)Ir(CH2CH2)(O 2)]+ an d[(Mebla)Ir(CH2CH2)(O 2) ] + . [ 4
Our calculations also indicate that formation of a rhodadioxolane from a fac-N3-ligand 
rhodium(III) ethene peroxo complex has a low activation barrier. This requires prior dissociation of 
an equatorial pyridine donor from the metal center. Experimentally, however, the apical pyridine 
donor appears to be more weakly coordinated than the equatorial pyridine donors.[5,6] Dissociation 
of the apical pyridine group would result in a mer-K3-N4-ligand and thus in the formation of an 
ethene peroxo complex (see above). Dissociation of an equatorial pyridine donor in solution, in the 
absence of dioxygen, would be expected to lead to scrambling of the pyridine groups (Scheme 75). 
This is, however, not observed by 1H  N M R or 13C N M R for tpa rhodium(I) ethene complex 1BPh4. 
Therefore, the barrier for dissociation of an equatorial pyridine donor must be fairly high in 
solution. It is expected to be even higher in the solid state. Furthermore, if  the dissociation of an 
equatorial pyridine donor would be the key step in solid-state dioxygenation of a metal(I) ethene 
fragment, we would expect the same reaction to occur in solution. There is no obvious reason why 
the subsequent steps should not occur in solution as well as in the solid state. Thus, this mechanism 
cannot easily explain the mixtures of unidentified complexes that are obtained upon exposure of 
metal(I) ethene fragments to dioxygen in solution.
+ +
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Scheme 75. Scrambling o f the pyridine groups.
+
6.3.2. Superoxide or dioxygen attack at a m etal(II) olefin complex
The other two mechanisms each involve initial one-electron oxidation of a metal(I) ethene fragment 
to a metal(II) ethene fragment. The formation of radical intermediates could well be the reason for 
the observed aselectivity in solution; subsequent reactions with the solvent could lead to a mixture 
of products. In the solid state this is not possible and further oxidation by dioxygen or back- 
reduction by reaction with superoxide or a neighboring metal(I) ethene fragment could be the next 
step. This could explain the higher selectivity observed for solid-gas reactions.
The EP R  spectrum of tpa rhodium(I) ethene complex 1+ in MeOH/acetone (3:2) cooled to 10 
K, after brief exposure to air at room temperature, is shown in Figure 15. The spectrum shows a 
clear signal due to a species containing one unpaired electron. This species may be a rhodium 
superoxo or a rhodium ethylsuperoxy complex, in accordance with a mechanism involving initial 
one-electron oxidation.[7]
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Figure 15. EPR spectrum o f 1+ after brief exposure to air at room temperature. Measured in 
MeOH/acetone (3:2) at 10 K, 9.30 GHz (attn. 30 dB, mod. 10 G).
T h e  c y c lic  vo lta m m o g ra m  o f  M e tp a  rh o d iu m (I) e th en e  co m p le x  2 P F 6 in  C H 2 C I2 re v e a ls  
ir re v e rs ib le  o n e- e lec tro n  o x id a tio n  a t E Panode = -31 m V  vs. Fc/Fc+ . T h is  o x id a tio n  p o te n tia l in d ic a te s  
th a t th e  ir re v e rs ib le  o n e- e lectro n  o x id a tio n  o f  2 P F 6 is  m o re  d if f ic u lt  th an  th e  ir re v e rs ib le  one- 
e le c tro n  o x id a tio n  o f  tp a  rh o d iu m (I) e th en e  co m p le x  1 P F 6 ( E Panode = -115 m V  vs. Fc/Fc+ ). W e  
p re v io u s ly  fo u n d  th a t d io x yg e n a tio n  o f  solid 2 PF6  a t ro o m  te m p e ra tu re  is  m u ch  s lo w e r th an  
d io x yg e n a tio n  o f  solid 1 P F 6 (se e  C h a p te r 4 ). I f  o n e- e lec tro n  o x id a tio n  p la y s  a ro le  in  th e  re a c tio n  
m e ch an ism , th is  is  in  a c co rd a n ce  w ith  th e  o b se rved  o x id a tio n  p o te n tia ls .
F ro m  th e  e le c tro c h e m ic a l d ata , w e  e stim a te  th a t o n e- e lec tro n  o x id a tio n  o f  tp a  rh o d iu m  eth en e  
co m p le x  1+ b y  d io x yg e n  w il l  b e  e n d o th e rm ic  ( Æ  > 30 k c a l/ m o l).[7] T h is  m ak es a  m e ch an ism  
in v o lv in g  su p e ro x id e  a tta ck  a t th e  m e ta l( II)  c e n te r h ig h ly  u n lik e ly ; su ch  a m e ch an ism  w o u ld  re q u ire  
in it ia l o n e- e lectro n  o x id a tio n  o f  each m e ta l( I)  c e n te r to  a m e ta l( II)  c e n te r b y  d io x yg e n .
T h e  tw o  m e ch an ism s th a t in v o lv e  in it ia l o n e- e lec tro n  o x id a tio n  can  e ach  ra tio n a liz e  th e  
fo rm a tio n  o f  a lly l h y d ro p e ro x y  co m p lex e s  u p o n  d io x y g e n a tio n  o f  solid ir id iu m  p ro p en e  co m p lex  
1 0 B P h 4 b y  dioxygen (S c h e m e  7 6 ). T h e  su p e ro x id e  a n io n  fo rm ed  b y  o n e- e lec tro n  o x id a tio n  o f  an 
ir id iu m (I)  p ro p en e  fra g m e n t b y  d io x y g e n  c o u ld  a b s tra c t an  a lly lic  H ' fro m  th e  co o rd in a te d  p ro p en e , 
re su ltin g  in  th e  fo rm a tio n  o f  a  d ic a t io n ic  ir id iu m ( II I )  n - a lly l frag m e n t and  a h yd ro p e ro x id e  an io n . 
T h e se  co u ld  re co m b in e  to  ir id iu m ( II I )  o - a lly l h y d ro p e ro x y  frag m en ts . R e a c tio n  o f  an  ir id iu m (II)  
p ro p en e  frag m e n t w ith  d io x y g e n  c o u ld  re su lt in  th e  fo rm a tio n  o f  ir id iu m ( II I )  p ro p en e  su p e ro x y  
frag m en ts . N u c le o p h ilic  a tta ck  o f  th e  su p e ro x y  ra d ic a l, n o t a t th e  d o u b le  b o n d , b u t a t an  a lly lic  
p ro to n , w o u ld  re su lt in  w h a t is  fo rm a lly  an  ir id iu m (IV )  o - a lly l h y d ro p e ro x y  frag m en t. T h is  co u ld  
su b se q u e n tly  b e  re d u ce d  b y , fo r  e x am p le , a  seco n d  ir id iu m (I)  p ro p en e  frag m en t.
O n e  c o u ld  a lso  th in k  o f  m ech an ism s in v o lv in g  a tta ck  o f  d io x y g e n  o r su p e ro x id e  a t a  m e ta l( I I I)  
h y d rid e  a lly l frag m e n t, re su ltin g  fro m  p r io r  o x id a tiv e  a d d itio n  o f  an  a lly lic  C - H  b o n d  o f  p ro p en e  to  
th e  m e ta l( I)  cen te r. S u c h  “ o x id a tiv e  a d d itio n ”  is  n o t lik e ly  to  o c c u r in  a  K 4-tpa ir id iu m (I)  p ro p en e
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complex, as it would involve a 20e intermediate. Thus, initial dissociation of one of the pyridine 
donors from the metal(I) center, to give a K3-tpa complex, is required.
Scheme 76. Mechanism o f the formation o f an allyl hydroperoxy complex.
R e m a rk a b ly , o x id a tio n  o f  tp a  rh o d iu m (I) e th en e  co m p le x  7+ b y  h yd ro g e n  p e ro x id e  re su lts  in  
th e  selective fo rm a tio n  o f  2 - rh o d ao x etan e  18b+, w ith  N amine and  C a trans (C h a p te r  3, S ch e m e  3 0 ).[6] 
T h u s  fa r, a  2 - rh o d ao x etan e  18a+ w ith  N amine and  O a trans, has n o t b een  o b se rved . E x p o s u re  o f  
[ (M e tp a )Ir I (C H 2 C H 2 ) ] + in dichloromethane to  dioxygen re su lts  in  th e  fo rm a tio n  o f  a  m ix tu re  o f  
p ro d u c ts .[8] O n e  o f  th ese  p ro d u cts  has b een  iso la te d . I t  p ro v e d  to  b e  th e  2 - irid ao x e tan e  
[ (M e tp a )Ir In (K 2C 7,O 2- C H 2C H 2O )]+ . A g a in , o n ly  is o m e r b  c o u ld  b e  iso la te d . T h is  m ig h t b e  an
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indication that 2-metallaoxetanes are not formed via initial one-electron oxidation of the metal(I) 
ethene fragment, since the resulting metal(II) complex would allow formation of both isomers (see 
above). Other components of the mixture of products were one or more paramagnetic species, 
according to the 1H  N M R  spectrum. Isomer a was not observed. It remains possible that, 2- 
iridaoxetane isomer a is more reactive than 2-iridaoxetane isomer b and decomposed to the 
observed paramagnetic species. For the rhodadioxolanes, however, we find isomer b to be more 
reactive than isomer a (see Chapter 5).
6.5. Conclusions
W e have attempted to establish the mechanism of the dioxygenation of solid metal(I) ethene 
complexes by dioxygen, using experimental and computational methods. On the basis of our 
calculations, we can exclude the direct reaction of a K3-mer-ligand rhodium(I) complex with 
dioxygen. However, our calculations indicate that a direct reaction of a K3-fac-ligand rhodium(I) 
ethene complex with dioxygen is possible at room temperature and w ill result in the formation of a 
rhodadioxolane. This would require the prior dissociation of an equatorial pyridine donor from the 
rhodium(I) center, which is unlikely to happen in the solid state at room temperature. Furthermore, 
dioxygenation via this mechanism should have resulted in the formation of rhodadioxolanes in 
solution, which is not the case.
A  mechanism involving initial one-electron oxidation of a metal(I) ethene fragment to a 
metal(II) ethene fragment seems reasonable. Calculations indicate that reaction of a metal(II) ethene 
complex with dioxygen w ill result in the formation of a metalladioxolane. The formation of two 
isomeric metalladioxolanes from a metal(II) ethene fragment can also be explained. Furthermore, 
the reactivity difference found between solid-gas and solution-gas reactions can be accounted for. 
The reaction of a metal(II) ethene fragment with dioxygen and the reaction of a metal(II) ethene 
fragment with superoxide anion can both rationalize the observed formation of iridium (III) allyl 
hydroperoxy fragments from the reaction of an iridium(I) propene fragment with dioxygen. The 
obtained electrochemical data, however, indicate that one electron oxidation of a metal(I) complex 
by dioxygen w ill be strongly endothermic. This makes a reaction involving superoxide attack at a 
metal(II) ethene complex highly unlikely. Also, reaction of an iridium(II) ethene complex with the 
superoxide anion was experimentally found to result in reduction of the metal(II) ethene fragment to 
a metal(I) ethene fragment.[2] W e therefore tend to prefer the mechanism involving reaction of a 
metal(II) complex with dioxygen, since it is compatible with both the experimental and the 
computational data.
Interestingly, the above discussion leads us to suggest that oxygenation of metal(I) olefin 
complexes by hydrogen peroxide and by dioxygen follow two completely different paths. For the 
latter reaction we propose a mechanism involving open-shell intermediates. The solid matrix in 
which the reaction occurs appears to be crucial to achieve selective conversion, and even so, 
mixtures of isomers can be obtained. Oxygenation by hydrogen peroxide, on the other hand, is more 
likely to follow a closed-shell path in this case (e.g. via heterolytic O-O cleavage). This can proceed 
with high selectivity even in solution. Detailed knowledge of these different oxygenation 
mechanisms would eventually lead to cleaner and more selective oxygenation catalysis.
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6.7. Experimental section
6.7.1. General methods
The X-band EPR spectrum was recorded on a Bruker EPR220 spectrometer. Cyclic voltammetry measurements were 
performed on an Eco Chemie Autolab PGSTAT20. A conventional three-electrode cell, with Pt working and auxiliary 
electrodes and 0.1 M [(nBu)4N]PF6 (TBAH) electrolyte was used. An Ag/AgI reference electrode (grain of AgI, 0.02 M 
[(nBu)4N]I (TBAI) and 0.1 M TBAH) was employed.
6.7.2. Calculations
All calculations were carried out with the Turbomole program[9] coupled to the PQS Baker optimizer.[10] Geometries 
were fully optimized as minima or transition states at the ridft[11] BP86 level[12] using the Turbomole SV(P) basisset[13] 
on all atoms (def-SVP pseudopotential basis[14] on Rh and Ir).
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Summary
Partial oxygenation of olefins is a very important method for the conversion of these cheap starting 
materials into useful products. Often, such oxygenation reactions are metal-catalyzed. Not much is 
known, however, about the mechanisms involved. We have investigated stoichiometric reactions of 
N 4-ligand rhodium(I) and iridium(I) olefin complexes with hydrogen peroxide, dioxygen and air, to 
obtain more insight into the mechanistic aspects of metal-catalyzed olefin oxygenation.
ÇCn nr  N Nvi — N NI Il
N N if T\ = /
1 N4Me2tpa Metpa tia
Scheme 77. Ligands used for the synthesis o f rhodium and iridium olefin complexes.
Chapter 2 describes the synthesis of the starting metal(I) olefin complexes. As expected, 
propene coordinates more weakly to a rhodium(I) center than ethene. Whereas bis-ethene 
complexes are sometimes observed, bis-propene complexes are not. Four different nitrogen donor 
ligands have been used to stabilize rhodium bis-ethene fragments (Scheme 77). Formation of a 
mono-ethene or a bis-ethene complex is found to depend on the metal center as well as the ligand. 
As expected, olefins coordinate more strongly to iridium(I) than to rhodium(I); bis-ethene 
complexes always form upon reaction with IrC l(CH2CH2)4, whereas mono-ethene complexes or a 
mixture of mono-ethene and bis-ethene complexes usually form upon reaction of the ligands with 
[RhCl(CH2CH2)2]2. Strong nitrogen donor ligands promote the formation of bis-olefin complexes. 
The rate of exchange of coordinated ethene with uncoordinated ethene increases with increasing 
flexibility of the nitrogen donor ligand. Iridium(I) bis-ethene complexes tend to undergo oxidative 
addition of an ethene C-H bond to the iridium(I) center, resulting in the formation of iridium (III) 
ethyl vinyl complexes. Such C-H-activation is not observed for the rhodium(I) bis-ethene 
complexes.
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Scheme 78. 2-Rhodaoxetanes
Chapter 3 deals with the mono-oxygenation of N 3-ligand and N 4-ligand rhodium(I) olefin 
complexes by hydrogen peroxide in solution. This results in the formation of 2-rhodaoxetanes 
(Scheme 78). Mono-oxygenation of N 4-ligand rhodium(I) ethene and N 4-ligand cycloocta-1,5-diene 
(cod) complexes by hydrogen peroxide to unsubstituted 2-rhodaoxetanes (A ) and 3,4-disubstituted
2-rhodaoxetanes (B ) has been described before. We now report a 4-methyl substituted 2- 
rhodaoxetane (C ) and a 3,4-substituted 2-rhodaoxetane containing an uncoordinated double bond 
(D ) from mono-oxygenation of the corresponding N 4-ligand rhodium(I) propene and N 4-ligand 
rhodium(I) cod complexes by hydrogen peroxide. Heating of solutions of these rhodaoxetanes 
results in elimination of acetone and 4-cycloocten-1-one, respectively.
Upon protonation, 2-rhodaoxetane (A ) and 4-methyl-2-rhodaoxetane (C ) react with nitriles to 
C-O coupled six-membered metallacyclic imino-esters (Scheme 79). Their subsequent 
rearrangement to C-N coupled metallacyclic amides is easier for a 4-methyl-2-rhodaoxetane than 
for an unsubstituted 2-rhodaoxetane and is promoted by electron withdrawing groups in the starting 
nitriles. The same trend is followed for ß-hydrogen elimination from the metallacyclic amides.
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Scheme 79. Reactivity o f 2-rhodaoxetanes towards nitriles.
Chapters 4 and 5 describe the dioxygenation of N 4-ligand rhodium(I) and iridium(I) ethene 
complexes by dioxygen in the solid state and the reactivity of the resulting unsubstituted 3-metalla- 
1,2-dioxolanes (Scheme 80).
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Scheme 80. Reactivity o f 3-metalla-1,2-dioxolanes.
Remarkably, reaction of dioxygen with N 4-ligand metal(I) ethene complexes in the solid state 
is much more selective than in solution. Whereas complex mixtures of unidentified complexes 
result in solution, 3-metalla-1,2-dioxolane fragments form selectively in the solid state. Such 3- 
metalla-1,2-dioxolanes have often been proposed as intermediates in group V I and V III metal- 
catalyzed oxygenation of olefins, but had not been isolated before. Two stereo-isomeric N 4-ligand
3-metalla-1,2-dioxolanes are obtained in varying ratios dependent on the ligand, the metal center 
(rhodium versus iridium) and the counterion used. Different packings of the ionic, microcrystalline 
starting materials are probably responsible for this variation. Dioxygenation of an N 4-ligand 
iridium(I) propene complex by dioxygen in the solid state does not result in the formation of a 
methyl-substituted 3-irida-1,2-dioxolane. Instead, iridium (III) a-allyl hydroperoxy fragments form 
via allylic oxidation of the propene fragment.
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Scheme 81. Dioxygenation o f an iridium(I) propene complex.
The obtained N4-ligand metalladioxolanes rearrange to formylmethyl hydroxy complexes upon 
exposure to photons or protons (Scheme 80). This rearrangement is markedly different from the 
earlier proposed rearrangement of metalladioxolanes to metal oxo complexes and acetaldehyde or 
ethylene oxide. Photorearrangement of a 3-rhoda-1,2-dioxolane in the solid state to the 
corresponding rhodium formylmethyl hydroxy fragment proved topotactic. Obtained rhodium(III) 
formylmethyl hydroxy fragments are protonated to formylmethyl aqua species and insert CO2 
reversibly into their M-OH bond, to give the corresponding formylmethyl hydrogen carbonate 
species.
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Scheme 82. Mechanism o f dioxygenation o f metal(I) ethene fragments in the solid state.
Chapter 6 compares possible mechanisms for the dioxygenation of metal(I) olefin fragments in 
the solid state. The preferred mechanism is shown in Scheme 82. One-electron oxidation of a 
metal(I) ethene fragment results in the formation of a metal(II) ethene fragment. This then reacts 
with dioxygen to a m etal(III) ethene superoxy fragment, which subsequently rearranges to a 
metalla(IV) dioxolane. This metalla(IV) dioxolane is subsequently reduced to a metalla(III) 
dioxolane, possibly by a neighboring metal(I) olefin fragment.
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Samenvatting
Gedeeltelijke oxygenering van olefines is een belangrijke methode voor de conversie van deze 
goedkope uitgangsmaterialen naar nuttige producten. Zulke oxygeneringsreacties worden vaak 
gekatalyseerd door metalen. E r is niet veel bekend over de mechanismen die een rol spelen in deze 
reacties. W ij hebben onderzoek gedaan naar stoichiometrische reacties van N 4-ligand rhodium(I) en 
iridium(I) olefine complexen met waterstofperoxide, zuurstof en lucht, om meer inzicht te krijgen in 
de mechanistische aspecten van metaal-gekatalyseerde oxygenering van olefines.
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Schema 83. Liganden gebruikt voor de synthese van rhodium en iridium olefine complexen.
Hoofdstuk 2 beschrijft de synthese van de metaal(I) olefine complexen, die dienen als 
uitgangsstoffen voor de oxygeneringsreacties. Zoals verwacht coördineert propeen zwakker aan een 
rhodium(I) centrum dan etheen. Terwijl soms bis-etheen complexen worden gevormd, worden bis- 
propeen complexen niet gevonden. Vier verschillende stikstof-donor liganden zijn gebruikt om 
rhodium bis-etheen fragmenten te stabiliseren (Scheme 77). De vorming van een mono-etheen of 
een bis-etheen complex wordt bepaald door zowel het metaalcentrum als het ligand. Zoals verwacht 
coördineren olefines sterker aan iridium(I) dan aan rhodium(I); bis-etheen complexen worden altijd 
gevormd na reactie van een ligand met IrC l(CH2CH2)4, terwijl mono-etheen complexen of een 
mengsel van mono- en bis-etheen complexen meestal gevormd worden na reactie van een ligand 
met [RhCl(CH 2 CH 2 )2 ]2 . Sterke stikstof-donor liganden bevorderen de vorming van bis-olefine 
complexen. De uitwisselingssnelheid van gecoördineerd etheen met ongecoördineerd etheen neemt 
toe met een toenemende flexibiliteit van het stikstof-donor ligand. Iridium(I) bis-etheen complexen 
hebben de neiging om oxidatieve additie te ondergaan van een etheen C-H binding aan het 
iridium(I) centrum, resulterend in de vorming van iridium (III) ethyl vinyl complexen. Deze C-H- 
activering wordt niet gevonden voor de rhodium(I) bis-etheen complexen.
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Schema 84. 2-Rhodaoxetanen
Hoofdstuk 3 gaat over de mono-oxygenering van N 3- en N4-ligand rhodium(I) olefine 
complexen met waterstofperoxide in oplossing. Dit resulteert in de vorming van 2-rhodaoxetanen 
(Scheme 78). Mono-oxygenering van N4-ligand rhodium(I) etheen en N3-ligand cycloocta-1,5-diëen 
(cod) complexen door waterstofperoxide tot ongesubstitueerde 2-rhodaoxetanen (A ) en 3,4-di- 
gesubstitueerde 2-rhodaoxetanen (B ) is eerder beschreven. W e rapporteren nu een 4-methyl- 
gesubstitueerde 2-rhodaoxetaan (C ) en een 3,4-gesubstitueerde 2-rhodaoxetaan met een 
ongecoördineerde dubbele binding (D), verkregen door mono-oxygenering van de 
corresponderende N 4 -ligand rhodium(I) propeen en N 4 -ligand rhodium(I) cod complexen door 
waterstofperoxide. Het verwarmen van oplossingen van deze rhodaoxetanen leidt tot eliminatie van, 
respectievelijk, aceton en 4-cycloocten-1-on.
Na protonering reageren 2-rhodaoxetaan (A ) en 4-methyl-2-rhodaoxetaan (C ) met nitrillen tot 
C-O-gekoppelde metallacyclische imino-esters (Scheme 79). De omlegging van deze producten tot 
C-N-gekoppelde metallacyclische amides is gemakkelijker voor een 4-methyl-2-rhodaoxetaan dan 
voor een ongesubstitueerde 2-rhodaoxetaan en wordt bevorderd door electronenzuigende groepen in 
de nitrillen. Dezelfde trend wordt gevolgd voor ß-waterstof eliminatie uit de metallacyclische 
amides.
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Schema 85. Reactie van 2-rhodaoxetanen met nitrillen.
Hoofdstukken 4 en 5 beschrijven de dioxygenering van N 4-ligand rhodium(I) en iridium(I) 
etheen complexen met zuurstof in de vaste stof en de reactiviteit van de resulterende 
ongesubstitueerde 3-metalla-1,2-dioxolanen (Scheme 80).
138
Samenvatting
N n-
n ^ K
N
vaste stof
N
N=:MUN— j 'O
N )- O H  
O
n +
H
O „ + C02
- C 02
n -
lucht of 0 2 
(in het donker)
NN
N p o ^ 0 
N
hv  of H+
N
NN
N=m
n -
,h
*O
P o -H
N
h+
m = Rh, Ir
N
m ^ s M .
N I \ - h
n  h
|2+
.h
'‘o
Schema 86. Reactiviteit van 3-metalla-1,2-dioxolanen.
N 4-ligand metaal(I) etheen complexen reageren in de vaste stof veel selectiever met zuurstof 
dan in oplossing. Terwijl complexe mengsels van ongeïdentificeerde verbindingen ontstaan in 
oplossing, worden selectief 3-metalla-1,2-dioxolanen gevormd in de vaste stof. 3-Metalla-1,2- 
dioxolanen zijn vaak voorgesteld als intermediairen in groep V I en V III metaal-gekatalyseerde 
oxygenering van olefines, maar zijn niet eerder geïsoleerd. Twee stereo-isomere N 4-ligand 3- 
metalla-1,2-dioxolanen worden verkregen in varierende verhoudingen. Deze verhoudingen zijn 
afhankelijk van het ligand, het metaal centrum (rhodium versus iridium) en het gebruikte tegenion. 
Verschillen in de pakking van de ionogene, microkristallijne uitgangsstoffen zijn waarschijnlijk 
verantwoordelijk voor de variërende verhoudingen. Dioxygenering van een N 4 -ligand iridium(I) 
propeen complex met zuurstof in de vaste stof resulteert niet in de vorming van een methyl- 
gesubstitueerde 3-irida-1,2-dioxolaan. In plaats daarvan worden iridium (III) a-allyl hydroperoxy 
fragmenten gevormd via allylische oxidatie van het propeen fragment.
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Schema 87. Dioxygenering van een iridium(I) propeen complex.
De verkregen N4-ligand metalladioxolanen leggen om naar formylmethyl hydroxy complexen, 
als ze worden blootgesteld aan fotonen of protonen (Scheme 80). Deze omlegging is opmerkelijk 
anders dan de eerder voorgestelde omlegging van metalladioxolanen naar metaal oxo complexen en 
acetaldehyde of ethyleen oxide. Fotochemische omlegging van een 3-rhoda-1,2-dioxolaan in de 
vaste stof naar het corresponderende rhodium formylmethyl hydroxy fragment bleek topotactisch. 
De verkregen rhodium(III) formylmethyl hydroxy fragmenten worden geprotoneerd tot
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formylmethyl aqua fragmenten en reageren tot formylmethyl waterstofcarbonaat fragmenten via 
reversibele insertie van CO2 in hun M-OH binding.
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Schema 88. Mechanisme voor de dioxygenering van metaal(I) etheen fragmenten in de vaste stof.
Hoofdstuk 6 vergelijkt mogelijke mechanismen voor de dioxygenering van metaal(I) olefine 
fragmenten in de vaste stof. Het mechanisme waar wij de voorkeur aan geven is weergegeven in 
Scheme 82. Eén-electron oxidatie van een metaal(I) etheen fragment resulteert in de vorming van 
een metaal(II) etheen fragment. Dit reageert met zuurstof tot een metaal(III) etheen superoxy 
fragment, dat vervolgens omlegt tot een metalla(IV) dioxolaan. De metalla(IV) dioxolaan wordt 
vervolgens gereduceerd tot een m etalla(III) dioxolaan, mogelijk door een naburig metaal(I) olefine 
fragment.
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